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En las oxidaciones, no sólo respiratorias, que tienen lugar en los sistemas orgánicos, se 
producen formas reactivas del oxígeno que actúan como radicales libres o los generan 1,2. La 
alta actividad de tales radicales facilita la oxidación indiscriminada de numerosas estructuras 
biológicas, cuyos daños se asocian a procesos patológicos como las inflamaciones crónicas, 
ateroesclerosis y cáncer, así como al envejecimiento natural 3,4. Los organismos cuentan con 
diversos sistemas que devuelven los radicales al estado molecular, pero en cualquier caso un 
factor importante a este respecto es el ingreso alimentario de sustancias antioxidantes 5. De 
ahí el interés con el que, desde hace dos décadas, se evalúan insistentemente las actividades 
antioxidantes presentes en substratos naturales 6–9, y se intenta caracterizar las formas 
concretas en las que actúan. Los consumidores conscientes de estas aportaciones científicas, 
demandan una mayor integración de estos compuestos en los productos de uso cotidiano. En 
este sentido, la industria alimentaria está introduciendo una gran cantidad de productos 
formulados con alguno de estos compuestos con capacidades antioxidantes. De esta manera, 
los laboratorios se ven forzados a evaluar las capacidades antioxidantes in vitro de 
compuestos de un modo más rápido.  
 
Las diferencias entre los mecanismos por los que un agente modificador de la oxidación 
interfiere en una oxidación hacen dudosa la existencia de un método universal de evaluación 
in vitro 10. En estas condiciones, el esfuerzo se ha centrado en multiplicar los recursos de 
evaluación y se ha prestado menos atención a su significado, optimización y estandarización. 
La tendencia a la rápida acumulación de datos ha favorecido el uso de formalismos de cálculo 
simples, que a menudo conducen a conclusiones dudosas. Es común la aplicación de entre tres 
y seis métodos de detección de la capacidad antioxidante a un compuesto determinado, y la 
selección de estas metodologías no deriva en general de consideraciones mecanísticas básicas. 
Además, en numerosas ocasiones los métodos para cuantificar la capacidad antioxidante in 
vitro están desactualizados y no se ajustan a la instrumentación e informatización vigente. Sus 
protocolos se basan en laboriosos ensayos en tubo. Las metodologías en tubo para evaluar la 
capacidad antioxidante in vitro, presentan una baja reproductibilidad, la imposibilidad de 
establecer comparaciones útiles, y la necesidad de conocer los efectos de las variables de 
estado y entorno, así como la dificultad de testar grandes cantidades de muestras 
conjuntamente. A mayores, las diferencias en la preparación, proporciones y conservación de 
los reactivos, así como en el pH y la temperatura de trabajo, impiden la comparación de los 





erróneas. Así, no es raro que investigadores hayan reclamado una unidad de criterio y 
estandarizaciones metodológicas 11–17. 
 
Estos problemas, repetidamente señalados, multiplicados por la diversidad de métodos 
suscitados por el interés del tema, hacen que la situación actual sea compleja. Aunque en los 
últimos años se ha enfatizado el esfuerzo en la revisión y la trasferencia de las metodologías 
en tubo in vitro habituales hacia modelos aplicables en microplaca 15,18,19, numerosos métodos 
permanecen sin revisar y transferir a sistemas más acordes con las necesidades reales actuales 
20–22. Los modelos en microplaca son más sencillos, rápidos y probablemente precisos, ya que 
permiten, con un esfuerzo experimental bajo, un análisis cinético y de la dosis de los 
compuestos en estudio.  
 
1. Práctica tradicional en el tratamiento de respuestas de los modificadores de la 
oxidación 
 
Una práctica tradicional en el tratamiento de respuestas que varían en el tiempo es la selección 
de un intervalo en el que tales respuestas son lineales o pueden linealizarse. Esta 
aproximación es simple, pero en realidad prescinde de la vertiente cinética del problema, a 
menudo esencial en la práctica. En la actualidad, el cálculo computerizado y el desarrollo de 
lectores de microplacas facilitan la obtención de datos suficientes para el cálculo de modelos 
no lineales, por lo que ya no parece razonable la exclusión de estos recursos en las 
evaluaciones de rutina.  
 
Como ejemplo, el método de la decoloración de -caroteno, a pesar de la regularidad del 
proceso de oxidación e inhibición, presenta una pobre evaluación de los resultados 12,17, 
habitualmente expresada a un solo tiempo, causante de muchas de las dificultades 4,14,17,23–26 
mencionadas para obtener resultados reproducibles, así como de la evaluación de aquellos 
puntos críticos dónde el método necesita una estandarización 27. Aunque, existen herramientas 
alternativas cinéticas disponibles para evaluar la oxidación lipídica 28–31, son poco utilizadas 
para evaluar las respuestas. El método opera en una emulsión acuosa de ácido linoleico y β-
caroteno, en la que este último se decolora al captar los radicales que genera la oxidación 
espontánea del primero 14, iniciada por inducción térmica, típicamente a 50ºC. La 
cuantificación se basa en la variación de la velocidad a la que decae la absorbancia del 
caroteno (470 nm) en presencia de concentraciones crecientes del antioxidante a evaluar. 
Pese a su amplia difusión, el método ha sido criticado desde muy diversos puntos de vista, 
habiéndose señalado los siguientes tipos de problemas: 
 
1. La reacción no es representativa de la oxidación de los alimentos porque en ellos los 
ácidos grasos están básicamente en forma de triglicéridos 14 y porque en los extractos 
crudos pueden darse interferencias 23, así como sinergias y antagonismos, aún poco 
estudiados 26,32 debidos a la presencia de otros agentes oxidantes y reductores. 
2. El β-caroteno es sensible al oxígeno y la temperatura aun en ausencia de ácido linoleico 4. 
3. En una emulsión lipídica, los fenómenos de repulsión hidrofóbica favorecen la actividad 
de los antioxidantes apolares frente a los polares 24,25,33 (paradoja polar). 
4. La reproductibilidad puede ser baja por: a) la complejidad implicada en la preparación del 
reactivo 25; b) las condiciones poco específicas de la inducción térmica 4,17, habiéndose 
sugerido a este respecto la conveniencia de utilizar radicales libres del tipo del AAPH 
como iniciadores; c) a menudo se trabaja a un único tiempo de reacción, lo que produce 
un resultado poco útil 12,17; d) la reacción es afectada por factores como el pH, las 






Algunas de estas críticas derivan simplemente de la imposibilidad de un método universal, 
apto para cualquier antioxidante en cualquier sistema. Otras se refieren a insuficiencias 
formales: así el uso de modelos cinéticos, mecanísticos o empíricos, es una necesidad 
repetidamente señalada, para la que se han propuesto diversas aproximaciones útiles. Otras, al 
cabo, se relacionan con la falta de atención a las variables que afectan el proceso. 
 
El examen de este último tipo de problemas permite controlarlos –y a veces aprovechar sus 
efectos de modo útil– evitando al mismo tiempo la sobreestandarización. Tal es el objetivo de 
este trabajo, en el que se discuten los puntos críticos del método, se describe la preparación de 
un reactivo que se mantiene estable durante una semana y se propone un procedimiento 
altamente reproducible para el trabajo en microplaca. 
 
2. Desarrollo de herramientas matemáticas alternativas para el tratamiento de 
respuestas de los modificadores de la oxidación 
 
Hace casi dos décadas, Özilgen and Özilgen (1990) 31 señalaban que, pese a la abundante 
bibliografía acerca de la oxidación de los lípidos en los alimentos, no existían modelos 
matemáticos que permitiesen formalizar el proceso. Recientemente, Frankel and Finley 
(2008) 12 mostraban su preocupación por la falta de estandarización en la multiplicidad de 
métodos aplicados a la evaluación de los antioxidantes naturales, y por los resultados a 
menudo confusos que se producen cuando se trabaja con sustratos complejos o, más aún, con 
sistemas in vivo. Aunque este segundo grupo de problemas tiene muy diversas vertientes, la 
más elemental continúa siendo la ausencia de modelos formales que permitan al menos 
definir lo que se espera extraer de los diseños experimentales, establecer los dominios más 
adecuados para las variables independientes que se incluyen, y cuantificar parámetros que 
lleven a comparaciones objetivas entre los efectos de diversos antioxidantes y los resultados 
de diferentes aproximaciones. 
 
Caracterizar un perfil cinético exige determinar la curva que lo describe. Si se dispone de un 
modelo mecanístico, se obtienen parámetros que tienen significados químicos precisos. Si la 
herramienta utilizada, bien por modelos formales o por valores globales como el área 
subtendida debajo de una curva, es sólo empírico, y debe proporcionar una descripción 
razonablemente aproximada del perfil, y los significados geométricos de sus parámetros 
deben representar estados del sistema que tipifiquen el proceso y los efectos de posibles 
factores que lo alteren. Las respuestas de sistemas en presencia de modificadores de la 
oxidación (bien sean antioxidantes o prooxidantes) ilustra los objetivos básicos de tal 
tipificación: cuantificar los efectos de diferentes concentraciones del mismo agente, distinguir 
entre los efectos de dos agentes y definir la equivalencia entre la acción de diferentes agentes 
sobre el mismo sistema. 
 
Las herramientas matemáticas aquí propuestas representan una transferencia formal desde el 
campo de las relaciones dosis-respuesta de diversas áreas tecnológicas. Permite incluir los 
efectos de cualquier número de concentraciones de agentes modificadores y tratar el sistema 
así definido como un todo. Se consigue de este modo la solución simultánea de todas las 
cinéticas, minimizando posibles sesgos debidos al error experimental, tanto aleatorio como 
sistemático, y se facilita el cálculo de parámetros que caracterizan diversos aspectos de la 
acción antioxidante. Todas las herramientas se ensayaron en primer lugar utilizando datos 
experimentales propios o de otros autores, obteniéndose en todos los casos descripciones 
estadísticamente significativas. En ocasiones, y posiblemente en exceso, el autor peca del uso 
de datos de otros autores. Sin embargo, la abundancia bibliográfica en torno a la actividad de 
agentes de la oxidación de una gran variedad de compuestos sintéticos y naturales, en 





matemático, causó la constante curiosidad por encontrar relaciones de un cierto interés 
practico.  
 
A consecuencia de la reconocida falta de estandarización 12 en la evaluación de los 
antioxidantes causada por la carencia, ya señalada por Özilgen and Özilgen (1990) 31, de 
modelos formales de la oxidación lipídica provoca que los diseños experimentales sean a 
menudo meramente intuitivos, y muchos de los abundantes datos que producen sean 
incompletos desde el punto de vista cinético, lo que impide caracterizar de un modo útil las 
propiedades de los compuestos así evaluados. 
 
La aplicación de estas herramientas es sencilla, en su opción conjunta o multivariada 
(normalmente bivariada) reduce la sensibilidad de la opción univariada a los posibles sesgos 
debidos al error experimental, y su forma constituye una orientación útil para preparar diseños 
experimentales más económicos y eficientes que los convencionales en este campo. 
Finalmente, sus resultados permiten el cálculo de índices únicos que caracterizan tanto el 
proceso oxidativo como la acción del agente modificador de la oxidación, y facilitan las 
comparaciones objetivas entre diferentes compuestos y métodos. 
 
3. Sinergia y antagonismo 
 
3.1. Modelos formales para la acción conjunta de dos agentes efectores 
 
La respuesta de una entidad biológica a la acción conjunta de dos (o más) agentes efectores se 
analiza habitualmente ensayando dos modelos que se consideran mutuamente excluyentes: 
acción independiente (AI) y adición de concentraciones (AC). El segundo de ellos se utiliza 
asimismo para detectar –mediante un análisis isobolográfico que elude una forma algebraica 
explícita– posibles interacciones productoras de fenómenos de sinergia y antagonismo. Aquí 
proponemos dos modelos matemáticos aplicables a este problema, que dan forma algebraica 
explícita y generalizan las hipótesis clásicas de la AI y AC tal como se definen en el contexto 
de las relaciones dosis-respuesta. Los modelos, que proporcionan significados inequívocos a 
los conceptos de sinergia y antagonismo, permitieron describir y tipificar de modo 
estadísticamente consistente las interacciones entre diversos pares de conocidos antioxidantes. 
 
La aproximación que aquí se propone muestra que: 
 
1. Los modelos AI y AC no son mutuamente excluyentes. Sólo representan los extremos –
poco probables en las respuestas reales– de un continuum definido por las relaciones entre 
las constantes de velocidad de las reacciones clave implicadas en la acción tóxica. 
2. En una acción conjunta son esperables, con no menor frecuencia, respuestas que no 
pertenecen al continuum AI-AC. 
3. Incluso si las hipótesis AI y AC se consideran en sus formas extremas, su discriminación 
es muy problemática cuando la asíntota de la respuesta se aproxima a 1 (es decir, cuando 
el efecto implica toda la población ensayada). 
4. Los tipos de interacción que detecta el usual análisis isobolográfico en el contexto AC –en 
el contexto AI es inaplicable– son sólo un subconjunto de las interacciones más probables. 
5. Las nociones de sinergia y antagonismo derivadas de la práctica usual no consideran su 
posible diversidad causal, tienden a confundir los aspectos formales y fácticos de ambos 
fenómenos, y a menudo han conducido a generalizaciones ilícitas. 
6. El significado de la discriminación entre los modos AI y AC es inevitablemente ambiguo 
cuando se aplica a la acción conjunta de más de dos efectores sin tener en cuenta los 






En el escrito adjunto discutimos estos problemas –y algunos otros colaterales– a la luz de 
simulaciones basadas en hipótesis microscópicas simples y plausibles acerca de los modos en 
que dos efectores pueden interactuar entre sí, con los receptores de la entidad biológica y con 
los factores que condicionan el umbral de la respuesta. Esta aproximación mostró que las 
interacciones entre los elementos que intervienen en una respuesta conjunta se traducen en 
variaciones específicas de los parámetros de las respuestas individuales. Ello permitió 
proponer ecuaciones algebraicas explícitas de carácter macroscópico, capaces de describir con 
precisión un conjunto de situaciones más diverso y realista que el considerado en otras 
alternativas. Las soluciones de estas ecuaciones sugieren mecanismos generales subyacentes a 
varios tipos característicos de interacciones, conducen a distinguir entre diferentes 
modalidades de sinergia y antagonismo, y clarifican las razones por las que muchos resultados 
experimentales –como han señalado últimamente diversos autores– son inconcluyentes en el 
marco del dualismo AI-AC. 
 
3.2. Sinergia y antagonismo en el contexto de la acción antioxidante  
 
Sinergia y antagonismo son comportamientos característicos de sistemas de muy diversa 
naturaleza, que han sido objeto de controversia en muchos campos. Pese a su importancia, la 
caracterización habitual de estos fenómenos en el contexto de la acción antioxidante es 
discutible tanto por motivos de definición, como del tipo de resultados a menudo utilizados 
como base para las evaluaciones cuantitativas. Cuando se define un sistema en el sentido de 
Bertalanffy (un conjunto de elementos en interacción), un problema importante y 
característico es el de saber si el efecto conjunto de dos o más elementos sobre el 
comportamiento de dicho sistema es directamente deducible de los efectos individuales. Esta 
cuestión, con una larga historia de controversias y cuya primera percepción conocida se 
remonta a Aristóteles, se enuncia a menudo sustituyendo la expresión «directamente 
deducible» por «la suma», lo cual significa un notable cambio de la formulación anterior. Así 
en el campo de la acción antioxidante, las nociones de sinergia y antagonismo suelen 
caracterizarse como aquellas interacciones en virtud de las cuales el efecto conjunto de dos (o 
más) antioxidantes es mayor (sinergia) o menor (antagonismo) que la suma de los efectos 
individuales. Tales caracterizaciones no son aceptables por dos motivos. 
 
En primer lugar, porque de este modo se postula que el efecto conjunto en ausencia de 
aquellas interacciones es la suma de los efectos individuales. Ello constituye un caso 
particular especialmente simplista y, ciertamente, inaplicable a respuestas asintóticas como las 
implicadas en las acciones anti- y prooxidantes. Es obvio, en efecto, que la suma de dos 
respuestas individuales carece de sentido si excede la respuesta asintótica del sistema. En 
realidad, el referente de cualquier fenómeno que perturba una acción conjunta de dos agentes 
es dicha acción conjunta en ausencia de la perturbación (no las acciones individuales), es 
decir, la situación que suele llamarse de interacción nula. En consecuencia, definir la 
interacción nula es la primera condición necesaria para decidir la posible existencia de 
sinergia o antagonismo. 
 
Una segunda dificultad deriva de los recursos más habituales que se aplican a la 
caracterización de la acción antioxidante. Pese a las críticas a este respecto, tal caracterización 
prescinde frecuentemente de los aspectos cinéticos del proceso de oxidación y su inhibición. 
Aunque esta objeción es de menor entidad teórica que la primera, su consecuencia práctica es 
la de unos resultados que pueden ser muy poco adecuados para detectar de un modo 
representativo los efectos que intentan discernir. 
 
Este trabajo intenta proponer una solución para cada una de las mencionadas objeciones. La 





acción antioxidante mediante un único valor obtenido a partir de una descripción cinética. La 
vida media del sustrato oxidable y el área subtendida por el perfil cinético constituyeron 
alternativas susceptibles de descripción formal en función de la concentración de 
antioxidante, y ambas condujeron a resultados prácticamente equivalentes.  
 
La aplicación de los procedimientos propuestos a la acción conjunta de varios pares de 
conocidos antioxidantes comerciales produjo resultados consistentes en todos los casos. 
Además, proporcionó algunas conclusiones de carácter más básico, que son probablemente 
transferibles al dominio general de las relaciones dosis-respuesta. 
 
Finalmente se propuso un índice útil capaz de resumir en un único valor numérico la 
naturaleza e intensidad de las interacciones sinérgicas o antagónicas. Una vez se dispone de 
modelos algebraicos explícitos para las superficies de respuesta, la definición de un tal índice 
parece exigir simplemente una comparación entre las respuestas correspondientes a la 
hipótesis de interacción nula y las obtenidas experimentalmente. Sin embargo, la utilidad de 
este enfoque es dudosa tanto en perspectiva teórica como práctica. En efecto, ni la diferencia 
ni la relación entre las respuestas propias de la interacción nula y de cualquier situación 
interactiva se mantienen constantes en todo el dominio de las variables independientes. Así, 
cualquier índice que se calcule en un punto concreto, o a lo largo de una respuesta concreta, 
no puede representar lo que ocurre en otra región de la superficie de respuesta, pudiendo darse 
situaciones en las que el efecto neto es sinérgico en un subdominio de la superficie de 
respuesta y antagónico en otro. 
 
Los modelos que aquí se proponen demostraron una buena capacidad para describir la acción 
conjunta de varios pares de antioxidantes, tanto en sistemas acuosos como en emulsiones 
lipídicas. Su aplicación permitió, en primer lugar, tipificar la actividad antioxidante en 
términos de los dos modos de acción conjunta usualmente admitidos en el contexto de las 
relaciones dosis-respuesta. En segundo lugar condujo a la detección y cuantificación de 
efectos sinérgicos y antagónicos, comparando, en cada modo de acción, los ajustes obtenidos 
bajo diferentes hipótesis de interacción con los correspondientes a la interacción nula. 
 
Un inconveniente de los modelos es la existencia de correlaciones lineales entre los 
coeficientes de los términos perturbadores, que penalizan los intervalos de confianza de sus 
estimaciones tanto más cuanto mayor es el error experimental y menor el número de 
observaciones. Afortunadamente, el uso de lectores de microplacas facilita la obtención de 
datos que minimizan ambos problemas. Es de lamentar que el planteamiento aquí propuesto 
resulte algo más complejo que algunas soluciones relativamente frecuentes en la bibliografía. 
Sin embargo, creemos que está libre de los aspectos más controvertidos de tales soluciones. 
 
4. Perspectivas y conclusiones 
 
Un antioxidante es una entidad química que interfiere en un proceso en el que un sustrato es 
oxidado a través de un determinado mecanismo en un entorno concreto, lo cual implica dos 
hechos de importancia práctica: 
 
1  La naturaleza del antioxidante, el sustrato y el entorno, así como el mecanismo 
implicado, son factores potencialmente modificadores del perfil del proceso. Como la 
realidad puede proporcionar todas las combinaciones de estos factores en diversas 
modalidades cuantitativas, debe esperarse que ciertos métodos sean especialmente 
adecuados para trasladar sus resultados a ciertos sistemas, pero es problemático suponer la 
existencia de un método universal, capaz de predecir el comportamiento de cualquier 





2 En la mayoría de los sistemas reales con interés práctico, la oxidación es un proceso 
autocatalítico, con un perfil sigmoidal. Ello significa que, en principio, un antioxidante 
puede modificar, simultáneamente o no, cualquiera de los parámetros que definen aquel 
perfil, lo cual impide cualquier cuantificación simple de su actividad. En general podrán 
definirse índices capaces de tipificaciones basadas en un valor único, pero ninguna 
tipificación puede prescindir de alguna previa descripción formal del perfil cinético. 
 
La primera implicación ha llevado a admitir que caracterizar una actividad antioxidante de un 
modo útil en la práctica exige aplicar más de un método. Sin embargo, la segunda implicación 
es menos reconocida, y la bibliografía abunda en recursos que prescinden de los perfiles 
cinéticos, lo cual ha multiplicado la divergencia de resultados y amplificado la idea de que es 
necesario un método universal rigurosamente estandarizado. 
 
Una crítica usual es la baja reproductibilidad debida a la complejidad de las reacciones. La 
desactualización de las rutinas para evaluación de antioxidantes dificulta la reproductibilidad 
y crea ambigüedades y dudas acerca de la pertinencia de los métodos utilizados para la 
evaluación in vitro de agentes modificadores de la oxidación. La baja reproductibilidad, la 
imposibilidad de establecer comparaciones útiles, y la necesidad de conocer los efectos de las 
variables de estado y entorno, así como la de estandarizar los métodos, son problemas 
repetidamente señalados en relación con las evaluaciones de la actividad antioxidante. Sin 
embargo, son los frecuentes resultados obtenidos a un único tiempo no sólo generan graves 
problemas de reproductibilidad e impiden comparaciones útiles 4,14,17,23–26, sino que dificultan 
la evaluación de los puntos críticos susceptibles de estandarización 27. En estas condiciones, 
los métodos aparentemente simples, aplicables rutinariamente con unas mínimas exigencias 
de cálculo, constituyen factores de confusión, ya que a menudo no sólo conducen a valores 
poco fiables, sino que dificultan incluso la distinción entre aquellos aspectos que deben 
estandarizarse y aquellos otros que sólo significan sobreestandarización. La reducción a 
formas lineales de un proceso intrínsecamente no-lineal es uno de estos factores, hoy poco 
justificado, dada la disponibilidad de recursos computerizados de cálculo y de lectores de 
microplacas que facilitan datos adecuados para el trabajo con modelos no lineales. El recurso 
a ecuaciones de velocidad y balances de materia tampoco resuelve el problema, ya que no 
proporciona directamente valores de interés práctico, y la ausencia de soluciones analíticas 
hace prolijo el cálculo. 
 
El objetivo de la presente tesis consiste en examinar los aspectos problemáticos del análisis in 
vitro de metodologías para detectar los efectos de compuestos que inhiban o aceleren la 
oxidación y su trasferencia a microsistemas en microplaca. A pesar de la abundante 
información disponible, sólo permite en general conclusiones semicuantitativas, no siempre 
con suficiente fundamento, dada la ausencia de herramientas robustas que orienten el diseño 
experimental y faciliten el cálculo de índices sencillos caracterizadores de los 
correspondientes procesos. En este sentido proponemos instrumentos que permiten obtener la 
solución simultánea de los procesos de oxidación en presencia de un número complejo de 
agentes modificadores de la oxidación. Su aplicación es simple, de modo estadísticamente 
significativo, proporciona parámetros que caracterizan el proceso oxidativo y la acción de 
agentes, y facilita la comparación rigurosa entre efectos de diferentes compuestos y 
aproximaciones experimentales.  
 
Las alternativas que aquí proponemos evitan la necesidad de saber las concentraciones de las 
especies químicas intermedias, como exigiría una aproximación cinética –más rigurosa, pero 
también más compleja– a través de ecuaciones de velocidad y balances de materia. Sin 





capacidad para describir con una gran precisión los resultados experimentales obtenidos, 
trabajando en muy diversas condiciones. 
 
La complejidad de nuestra aproximación es, con respecto a la convencional, sólo aparente, ya 
que concierne únicamente a un cálculo que es trivial con los actuales recursos informáticos. 
De hecho, produce una convergencia prácticamente inmediata en el ajuste a cualquier 
hipótesis que se considere y, a cambio, proporciona una caracterización más informativa y 
precisa. Más interesantes son las posibilidades del modelo en su forma bivariada, que 
conserva las ventajas de la forma univariada y permite la descripción de la totalidad del perfil. 
Ello permite cuantificar las diferencias cinéticas entre las categorías de compuestos 
implicados, así como los efectos específicos de diferentes modificadores de la oxidación 
sobre cada una de ellas. Esta caracterización detallada refina la predicción en comparación 
con la derivada del método convencional. 
 
 










From a biological perspective, oxygen is a peculiar molecule. On the one hand, oxygen is 
indispensable in aerobic life. The lack of oxygen in man for only a few minutes results in 
severe organ damage or even death. On the other hand, oxygen is also a toxic molecule. 
Exposure to high concentrations of oxygen can result in irreversible damage to for example 
the central nervous system and the lungs. Among the radicals generated in the human body 
are the hydroxyl radical (●OH), the nitric oxide radical (NO●) and superoxide anion (O2
●-). 
Radicals, like ●OH, can react with virtually any biological compound including poly-
unsaturated fatty acids (resulting in deterioration of the membrane structure), proteins 
(resulting in dysfunction of the protein) and DNA (resulting in genomic instability). Chronic 
diseases, such as cancer, atherosclerosis, diabetes, and neurogenerative pathologies are 
associated with oxidative stress due to the modifications caused by reactive oxygen species to 
body-target molecules (lipids, proteins and DNA) 34–36.  
 
The damage caused by the undesired production of reactive oxygen species can be prevented 
by antioxidants. An antioxidant is defined as any substance that when present at low 
concentrations, compared to those of an oxidizable substrate significantly delays or prevents 
oxidation of that substrate. The oxidation of the substrates (proteins, lipid membrane 
molecules or DNA) decreases the cellular viability and therefore has to be prevented. 
Reactive species have different chemical properties that determine their reactivity, and 
antioxidants have to adapt to this by offering protection via different mechanisms. 
 
Antioxidants and reactive oxygen species (or pro-oxidants) are compounds that can delay or 
accelerate oxidation processes. Living organisms have developed a complex network 24 of 
antioxidants (enzymes such as superoxide dismutase, catalase, glutathione peroxidase or non-
enzymatic compounds such as uric acid, bilirubin, albumin, metallothioneins); they are 
essential for a healthy life in order to counteract various harmful pro-oxidants or reactive 
species. Apart from these endogenous antioxidants, there are exogenous ones that can derive 
from natural sources (vitamins, flavonoids, anthocyanins, some mineral compounds), or from 
synthetic compounds (such as butylhydroxyanisole, butylhydroxytoluene, etc). There are also 
exogenous compounds such as metal ions that can promote or accelerate the oxidation 
processes 37. Clinical trials and epidemiological studies have established an inverse 
correlation between the intake of natural exogenous antioxidants and the occurrence of 
oxidative stress diseases such as inflammation, cardiovascular problems, cancer, and aging-




related disorders 38–43. Thus, the analysis of natural antioxidants for disease prevention 36 and 
the identification of possible pro-oxidant substances have become topics of increasing 
interest.  
 
The protection of antioxidants against radical damage has to be via a different mechanism. 
The reactivity of radicals is based on the presence of an unpaired electron. To decrease the 
reactivity, unpaired electrons have to combine and an electron pair has to be formed (with the 
exception of triplet oxygen). This is achieved by the reaction of two radicals. However, this 
reaction is not included in the definition of an antioxidant, since two reactive species with an 
unpaired electron are involved. To neutralize a radical, an electron can be donated by a 
compound, i.e. the antioxidant, to the radical. The antioxidant itself now becomes a radical. 
This newly formed antioxidant radical is more stable than the scavenged radical. This stability 
is mostly due to delocalization of the unpaired electron, which decreases the reactivity of the 
compound. This mechanism is seen e.g. by the antioxidants quercetin, α-tocopherol and 
carotenoids when they react with radicals. The reactivity of a radical can also be terminated 
by donating a hydrogen atom (H●) to the radical. The electron then forms a bound with the 
hydrogen.  
 
The oxidant action implies interfering in an autocatalytic process in which no less than five 
chemical species are present (oxygen, oxidizable substrate, radicals, antioxidants and 
oxidation products) furthermore, reactions of first and second order can take place and 
interactions can occur at several levels of the process. Since antioxidants can act via different 
mechanisms, it is difficult to determine the aspects that qualify an antioxidant as a good 
antioxidant.  
 
The capacity of antioxidants is mostly determined in competition assays. The conditions and 
limitations of these assays to determine the antioxidant capacity are not acknowledged. In 
biological systems, the capacity of antioxidants becomes more complex. Not only competition 
between antioxidants and biological target molecules is important in determining the actual 
capacity of antioxidants. The antioxidant function of compounds also includes the inhibition 
of radical generating enzymes. In vivo, the situation becomes even more complex, since 
antioxidants cooperate in an intricate network. The antioxidant effect of mixtures (e.g. derived 
from a food matrix) might be expressed as a general antioxidant status.  
 
When determining the antioxidant capacity of samples, the analysis generally does not follow 
any mechanistic consideration, but rather attempts to minimize problems with respect to 
variability of results 11,12. In this regard, some antioxidants are hydrophilic (ascorbic acid), 
while others are clearly lipophilic (vitamin E). Each of them has their own function in the 
organism, acting at different locations, but working in collaboration. To our knowledge, only 
a few articles have addressed the hydrophilic and lipophilic contribution. In addition, the 
synergistic and antagonistic interactions of two (or more) antioxidants, despite their 
importance, are only studied from simplistic views 44–46, rather than generalizing the classical 
approaches 47–52. 
 
At present, there is no convenient assay that enables the evaluation of the antioxidant capacity 
in a food system, mainly because factors affecting oxidation reactions and antioxidant 
capacities differ 12,53. The current methods to test the antioxidant capacity have still left many 
open questions 22–24,27,54. The in vitro assays can only rank the antioxidant capacity for its 
particular reaction system and its relevance to in vivo health protective activities remains 
uncertain. 
 




The possibility to accumulate data rapidly has encouraged authors to use simple calculation 
formalisms to abbreviate the testing procedure, forcing the conditions of the assay to assume a 
linear kinetic response, in which samples are generally assessed using a single-time and 
single-dose. Very often the same method is performed with different experimental protocols 
and formalisms for quantifying the capacity. This has caused an important loss of information 
and the risk of erroneous conclusions 12 causing deficiencies in the control of the real AC of 
samples. 
 
Antioxidants act by several mechanisms, e.g. by donating hydrogen to radicals, reducing 
power, free radical scavenging capacity, metal chelating ability, inhibition of βC bleaching 
and quenching singlet oxygen. The method used to measure and calculate the antioxidant 
capacity has a major impact on the results because, both in vivo and in vitro, the oxidation 
reactions are complex in which the dominant mechanism depends on conditions. Furthermore, 
we are using oxidizing substrates, initiators, and other components and the capacity is 
measured in different environments, such as bulk oils, emulsions and multiphase, which may 
not represent the real systems. Avoiding the use of the kinetic part of the reaction to evaluate 
the capacity of antioxidants is incongruous. Today, the computer technology and the 
development of microplate readers make it easier to obtain sufficient data in a time-dose 
format and there is a diverse amount of tools that allows quantifying properly the responses. 
Consequently it does not seem reasonable to exclude these resources in routine assessments. 
 
In our opinion, any criterion avoiding kinetic focus is a misleading simplification. We are 
aware that those criteria are slightly elaborated than a single-time response, but it is also much 
less deceiving. Perhaps by using those solutions to describe the oxidation process, we are not 
helping to translate the results, because they may be related with the response itself, but at 
least we are able to: 1) describe with precision the kinetics detected in the many different 
reactions with antioxidants of very different nature; 2) obtain reproducibly characterizing 
values of practical interest, 3) incorporate consistently, if necessary, environment variables 
that modify the process, 4) infer mechanistic details that can be verified by other methods. 
 
 














The bibliographic references is plentiful in experimental antioxidant assays that are 
standardized in such a way that kinetic profiles are ignored, promoting the idea that rigorous 
protocols are needed to find the results in a proper format, normally as linear responses. In 
fact, when kinetic models are disregarded and measures are performed at single-time-dose, it 
is obvious that researchers tended to developed more complex protocols and impractical 
standardization. The results obtained when the capacity is measured at one fixed time, not 
only generates a serious reproducibility problem and prevents meaningful comparisons 4,14,23–
26, but also makes it difficult to evaluate critical points that can be standardized 27. Indeed, the 
reality is that the conclusions found may be limited and not be reproduced anywhere else. 
 
The formal treatment of the experimental data is, without doubt, the most basic issue, since it 
is the only way to quantify the response and to control any affecting variable that should be 
considered. The development of a convenient mathematical application for testing the 
antioxidant and pro-oxidant potential of standard and novel therapeutic agents is essential for 
the research community and food industry in order to perform more precise evaluations of 
products and processes. It seems too obvious that before any result is provided, the responses 
considered must be subjected to analysis, but the aim of this thesis is to provide insight into 
the correct way to measure oxidative responses, and we believe that: 
 
We have provided evidences that demonstrate the inadequate evaluation and quantification of 
the responses that focus on analyzing the results at a fixed time avoiding the kinetic 
perspective. This results show the needs to apply a dose-time-dependent model to quantify the 
antioxidant capacity. Otherwise the response will always be poorly described. Therefore, a 
formal model with parameters that enable detailed characterization of anti and pro-oxidants 
would be presented.  
 
We have revise the unresolved problems and propose criteria to quantify antioxidant and pro-
oxidant activities allowing: 1) clarification of the critical points of several methodologies, 
providing a revised protocol, which is more reproducible and discriminative than previously 
whilst avoiding prescriptive standardization; 2) determination of the effects of state variables 
(such as temperature and pH); 3) re-discussed the problems associated with over-simplified 
analysis such as those based on measurement at a single time point; and 4) identification of 






The resulting interactions between complex antioxidant mixtures is a key issue, however, 
research in this area is still in its infancy. Experimental antioxidant models based on 
conventional dose-responses, that can predict joint effects of chemical mixtures, are urgently 
needed. Despite the effort of researchers to describe the synergistic/antagonistic effects, the 
lack of theoretical standpoints may had prevented researchers to find more conclusive 
solutions. We have illustrated methodological procedures to describe the 
synergistic/antagonistic effects of combining binary mixtures of antioxidants for the majority 
of antioxidant assays. 
 
Finally, we believe that the complexities of our approaches, regarding the conventional ones, 
are only apparent, since it concerns merely a calculation step that is trivial with the current 
informatic tools. In fact, the fitting of a data set derived from the studied experimental context 
to any of the hypothesis considered by the models presented are achieved with an immediate 
convergence, providing in return a more informative and accurate information, a more 



















1. Main instrumental technique: Microplate photometers  
 
The microplate photometers (Multiskan Spectrum Microplate Photometers from Thermo 
Fisher Scientific) provides unlimited wavelength selection, measurement at low UV to visible 
wavelengths and both cuvette and microplate reading capabilities. Moreover, the microplate 
photometers have been designed for easy integration with automated systems. With its 
excellent feature set, the microplate photometers are ideal for a wide range of photometric 
applications. Any wavelength from 200 nm to 1000 nm in 1 nm steps can be selected. 
 
2. Individual oxidation modifier agents for comparative analysis 
 
Lipophilic and hydrophilic commercial antioxidants and some predictable pro-oxidant agents 
are presented here for an illustrative analysis of the full capabilities of the developed method. 
 
2.1. Commercial antioxidants  
 
Four of the most common antioxidants are used as an example including natural and synthetic 
antioxidants: 
 
(a) Butyl-hydroxyanisole (BHA): a synthetic food additive (E320) mainly used as an 
antioxidant and preservative. Its known capacity is suitable in lipophilic and hydrophilic 
environments. 
(b) Butyl-hydroxytoluene (BHT): a synthetic lipophilic (fat-soluble) organic compound, 
chemically a derivative of phenol, which is useful for its antioxidant properties. It is primarily 
used as a food additive (E321). 
(c) Propyl 3,4,5-trihydroxybenzoate or propyl gallate (PG): an antioxidant that has been 
added to foods containing oils and fats to prevent oxidation (E310). 
(d) (2R)-2,5,7,8-tetramethyl-2-[(4R,8R)-(4,8,12-trimethyltridecyl)]-6-chromanol or α-
tocopherol (TOC): a natural fat-soluble organic compound (E306) consisting of various 
methylated phenols (a type of tocopherol or vitamin E), that is useful for its antioxidant 
properties. 




(e) 6-ethoxy-2,2,4-trimethyl-1,2-dihydroquinoline or ethoxyquin (ETX): commonly used 
as a food preservative (E324) in pet foods to prevent the rancidification of fats, in spices to 
prevent color loss due to oxidation of the natural carotenoid pigments and as a pesticide.  
(f) L-hexuronic acid (vitamin C) or Ascorbic Acid (AA): a naturally occurring 
hydrosoluble organic compound with antioxidant properties. AA and its sodium, potassium, 
and calcium salts are commonly used as antioxidant food additives (E300-304)  
(g) Tert-Butylhydroquinone (TBHQ): It is a derivative of hydroquinone, substituted with 
tert-butyl group. TBHQ is a highly effective antioxidant in foods (E319). It is added to a wide 
range of foods, with the highest limit (1000 mg/kg) permitted for frozen fish and fish 
products.  
(h) Manganese sulfate (Mn+2): a required trace mineral for all known living organisms, 
also extensively present as possible interference in salts may be able to act as a metal chelator 
(e.g., iron-sequestrants) and inhibit Fenton-type reactions that produce hydroxyl radicals 
through complexation/chelation reactions.  
(i) 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, TRO): A water-
soluble analog of vitamin E used in biological or biochemical applications to reduce oxidative 
stress or damage. 
(j) Bovine serum albumin (BSA, 66.5 kDa) as a protein concentration standard. 
 
The concentration ranges (M) varies depending on the assay used and other variables such as 
the temperature, pH, etc. All the information regarding the concentrations will provided in 
each section. All compounds were purchased from Sigma S.A. (St. Louis, MO, USA). 
 
2.2. Potential pro-oxidant agents 
 
On the other hand, numerous agents such as transition metals can directly or indirectly 
catalyze the oxidative mechanisms in both lipophilic and hydrophilic environments. As a 
possible example of pro-oxidant capacity, some transition metals are selected to test the 
method proposed. The effects on different systems is not less relevant than those of 
commercial antioxidants, since they can be present, either as constituents or contaminants, in 
many extract materials and as traces in buffer salts, distorting  the results: 
 
(a) Iron (II) and Iron (III) sulfide (Fe+2, Fe+3): much attention has been paid to its oxygen 
complexes (ferryl and perferryl radical) in the food industry as they are considered as primary 
catalysts (initiators) of lipid peroxidation in meat products and others that contain lipids.  
(b) Porcine Hemoglobin (Hb) in reduced form (Fe+2): the iron-containing oxygen-
transport metalloprotein in the red blood cells. Hb can be found in many food compounds 
interfering with its antioxidant capacity and also is a typical compound that caused rapid 
rancidity. 
(c) Copper (II) sulfate (Cu+2): an essential trace nutrient to all higher plant and animal life, 
also widely present in biological extracts, water and as possible interference in salts.  
(d) AAPH (2,2'-Azobis(2-amidinopropane) dihydrochloride): a hydrophilic chemical 
compound used to study the chemistry of the oxidation of drugs or the capabilities of 
antioxidants in different system reactions. 
(e) Other tested metal compounds: Magnesium sulfate (Mg2); Manganese sulfate (Mn2+); 
Cadmium nitrate (Cd2+); Nickel nitrate (Ni2+); and Zinc chloride (Zn2+). 
 
The concentration ranges varies depending on the assay used and other variables such as the 
temperature, pH, etc. All the information regarding the concentrations will provided in each 
section. All commercial antioxidants and chemicals reagents in this study were purchased 
from Sigma S.A. (St. Louis, MO, USA). 
 




3. Complex mixture of antioxidants: natural extracts from classical beverages 
with high content of antioxidant compounds  
 
Tea and coffee are aromatic beverages 55, second and third most consumed after water. These 
compounds present different types of antioxidants of different potential degree 56 therefore, it 
was considered as an excellent food case study. It has been argued that the consumption of 
those beverages is beneficial for health; among others, for its antioxidant capacity, mainly due 
to the presence of natural antioxidants such as vitamins (mainly A, B6, C and E), 
polyphenols, co-enzyme Q10, carotenoids, selenium, zinc and phytochemicals 14,35. 
 
3.1. Tea extracts 
 
Tea is an aromatic beverage frequently prepared by pouring boiling hot water over cured 
leaves of the evergreen tea bush Camellia sinensis 55. The thousands of different varieties of 
teas available around the world only vary in their region of growth, the time of year picked, 
and the processing method. For simplification reasons, the activities of five of the most 
common tea varieties were used. A set of five loose unblended tea samples, free of additives 
(especially the antioxidant ones), were purchased from local retail shops (all of them from 
China and harvested in 2011): (A) Green tea (China Sencha); (B) Blue tea (China Oolong 
Natural); (C) White tea (Silver Needles); (D) Black tea (Darjeeling Margaret’s Hopè); and (E) 
Red tea (Natural red tea). 
 
3.2. Coffee extracts 
 
Few studies are available to consider the raw materials coffee beans, as source of alternative 
compounds 57,58. Although the antioxidant capacity (AC) of roasted coffee beans is mainly 
attributed to the original antioxidants present in unroasted coffee beans 59,60, the brewing also 
contributes to enhance AC 61. When studying the AC of coffee, most reports have focused on 
roasted coffee beans, a product that depends on delicate factors such as the choice of brewing 
technique and conditions 30,62,63. Recently, more works have studied the changes of AC from 
unroasted to roasted coffee beans, optimizing the brewing conditions to obtain an antioxidant 
rich beverage 57.  
 
Therefore, more details are available about the AC of unroasted coffee beans from different 
country-climate locations and plant origins. In addition, the coffee industry, a global sector 
which ranks second behind the petroleum industry in terms of dollars traded, produces an 
excess of supply over demand which in the last three decades, has led to the reduction of 
prices and waste of resources. Thus, the development of value added products from unroasted 
coffee beans is important to help to counteract this tendency. The possibility of extraction of 
compounds with health properties from unroasted coffee beans may revalorize and expand the 
coffee market beyond the beverage one, into the food and pharmacology industry. 
 
A set of five unroasted coffee beans, free of additives (especially the antioxidant ones), were 
provided free of charge by a local manufacturer (CAFÉS CAMPINAS S. PAULO). Beans 
were harvested in 2013 at different locations from two different varieties: (C1) Coffea arabica 
from Australia; (C2) Coffea arabica from Nicaragua; (C3) Coffea canephora robusta, 
caracolillo selection, from Cameroon; (C4) Coffea arabica from Guatemala; and (C5) Coffea 
canephora robusta from Vietnam. 
 
3.3. Antioxidants extraction and preservation of natural extracts 
 




The coffee beans and tea leafs were grounded to obtain a homogeneous fine powder (<0.5 
µm). The powder was then extracted with hexane and methanol to chemically separate the 
lipophilic and hydrophilic antioxidants 64. A soxhlet system was used as a continuous method 
to extract antioxidant compounds with different degree of polarity 65. An additional water 
extraction using an autoclave was conducted as a process that is more suitable for industrial 
purposes 66. The extractions were performed in duplicate. In Figure 1, a scheme of the 
performed antioxidant extraction procedure is presented and in the following paragraphs 
described briefly. 
 
3.3.1. Extraction of lipophilic and hydrophilic antioxidants 
 
A pre-weighted cellulose extraction tube (33 x 100 mm) was filled with 40 g of fine powder 
sample, and transferred into a Soxhlet extractor. For the extraction of the lipophilic (L) 
fraction, hexane (250 mL) was added and placed in a 85 °C water bath for 12 h (in which 4 
complete extractions were accomplished per h). Then, the extracted material was filtered 
through Whatman glass microfiber filters (GF/D first and GF/F after) and placed in an 
evaporator to remove solvent.  
 
The residue was re-suspended in water, lyophilized and preserved at -20ºC. The dried extract 
in the cellulose tube was weighed to measure its L extraction yield and then used for the 
methanol extraction. The procedure of the hydrophilic (H) fraction was the same as the 
previous one, except methanol was used as the extraction solvent (250 mL) and the 
temperature of the water bath was 90 ºC. The H and L residues extracted are named as HR 
and LR, respectively. 
 
3.3.2. Autoclave extraction of water-soluble antioxidants. Industrial approach 
 
The samples were grounded to obtain a homogeneous fine powder (<0.5 µm) and extracted in 
water in an autoclave 66. The extractions were performed in duplicate. Four consecutive 
autoclave extractions with 100 mL of distilled water at 105 ºC for 60 min were applied to 10 g 
of each sample. The extracted material was centrifuged several times and the supernatant was 
filtered through Whatman glass microfiber filters (GF/D and GF/F), lyophilized and preserved 
at -16ºC 55,67. The resulting aqueous residue is named as AR. 
 
3.4. Basic analytical methods of the samples and extracted residues 
 
- Total sugars (TS): Phenol-sulphuric acid method 
52,68, with glucose as standard. 
- Reducing sugars (RS): were calculated following the 3,5-Dinitrosalycilic acid (DNS) reaction 
69, 
with glucose as standard. 
- Total protein content (Prot): measured as a function of the total nitrogen present multiplied 
by 6.25 70. 
- Suspended solids (SS) and ash (Ash): Their determinations were performed gravimetrically 
in crucibles; first, water evaporation at 60ºC, followed by temperature treatment at 105 ºC 
(24 h) in an oven (Suspended solids). Then, the same crucibles were transferred to a furnace 
and treated at 550 ºC for at least 24 h (Ash). 
- Determination of total phenolic (TP) content: TP content of tea extracts was determined 
using the Folin–Ciocalteu reagent according to the method described by several authors 71,72 
using gallic acid as standard. The tea solution (1 mL, ~0.06 mg/mL) was mixed vigorously 
with 0.1 mL of Folin–Ciocalteu reagent, 1.0 mL of an aqueous solution of 7% Na2CO3 and 
30 min after the absorbance was measured at 765 nm. The results are expressed as mM 
gallic acid/g dry matter of extract. 




- Determination of the total flavonoid (TF) content: TF content was determined following the 
procedure described by Singleton (1965) 73. A solution of tea samples (1 mL, ~0.06 mg/mL) 
was added to a NaNO2 solution (0.5 mL, 2.5%). After 5 min, an AlCl3 solution (0.5 mL, 
5%) was added, after another 5 min a NaOH solution (0.5 mL, 1 M) was added and the 
absorbance was measured at 510 nm. TF amounts were expressed as µg catequin/g dry 
matter of extract.  
 
All tests were performed in triplicate and the results of extraction percentages and 
compositional analysis are presented in respective sections. 
 
 
Figure 1: Scheme of the antioxidant extraction procedure performed. 
 
4. Antioxidant assays 
 
The antioxidant assays that evaluate the direct effectiveness of compounds against free radical 
species can be divided into two main reaction categories, depending on  the mechanism 
involved, some assumptions and assessment type 10: 1) Hydrogen atoms transfer (HAT) 
which measures the classical ability of an antioxidant to quench free radicals by hydrogen 
donation 15; and 2) Single electron transfer (SET) which detects the ability of a potential 
antioxidant to transfer one electron to reduce any compound, including metals, carbonyls, and 
radicals 14.  





Authors consider that HAT-based methods are most relevant to reactions where antioxidants 
typically act. HAT-based reactions are solvent and pH independent, but the presence of 
reducing agents, including metals, can lead to erroneously high apparent reactivity 17. SET-
based reactions are pH dependent, and the correlation between the different SET methods is 
significant 16 but, not consistent due to the interference of trace components and contaminants 
(particularly metals), which causes variability and poor reproducibility. When monitoring the 
reaction pathway, it is very difficult to distinguish between HAT and SET reactions, and the 
two reactions may take place simultaneously. There is certain agreement that complete HAT-
based assays include ORAC (Oxygen Radical Absorbance Capacity), TRAP (Total Radical-
Trapping Antioxidant Parameter), CBA (Crocin Bleaching Assay), βCA (β-carotene 
Bleaching Assay) and OxHLIA (Oxidative Hemolysis Inhibition Assay). While SET-based 
assays include ABTS, DPPH, FCR (Folin–Ciocalteu Reagent), FRAP (Ferric ion Reducing 
Antioxidant Power), ferricyanide and CUPRAC (Modified Cupric Reducing Antioxidant 
Capacity). 
 
4.1. Hydrogen atoms transfer (HAT) antioxidant assays 
 
4.1.1. The β-carotene bleaching method 
 
The method described by Marco (1968) 74 is the reference for many subsequent modifications 
that simplified the operation 75 or transferred the procedure to microplate 25. The method 
works in an aqueous emulsion of linoleic acid and β-carotene (βC), which is discolored by the 
radicals generated by the spontaneous oxidation of the fatty acids 14, promoted by thermal 
induction, typically at 50°C, and spectrophotometrically followed at 470 nm. Some of these 
modifications involved differences in the preparation and preservation of the reagents, pH, 
temperature and sometimes solvents, which prevent direct comparison between the 
experimental results. 
 
According to Marco (1968) 74, when the absorbance at 470 nm is measured at increasing 
times in the presence of increasing concentrations of an antioxidant (A), the response can be 














where t0, tn and tref are the times at which the βC concentration is p% of the initial one in the 
absence of A, in the presence of a given concentration of the tested A and in the presence of a 
reference A, respectively. The author averaged out the values for p=50 and p=70, and 
recommended to linearize (using logic paper) the sigmoidal response obtained. He also noted 
that for some common A, the relationship between A concentration and its effect on the C 
extended induction time was close to linearity. 
 
4.1.2. Crocin bleaching assay 
 
The assay, proposed by Bors et al. (1984) 76, uses Crocin (Cr) as an oxidizable substrate and 
AAPH (2.2 '-azobis-2-amidinopropane) as the source of radicals. The A to be tested competes 
with Cr for the produced radicals, and the bleaching rate of Cr is spectrophotometrically 
followed at 450 nm at 37ºC. This assay can be classified within those assays that interfere 
with the transfer of one hydrogen atom. It is a suitable method for aqueous systems, 
producing very consistent results. The original method has been modified several times by 
simplifying its protocol 77, transferring it to microplate assay 78, applying it in lipophilic 




environments (in this case using AMVN: 2,2'-azobis-2,4-dimthylvaleronitrile as a radical 
source), and adapting it to the measure of pro-oxidant activities 79. 
 
Although such revisions have extended the scope of this assay, several problems remain. The 
comparison of results is hindered by differences in the preparation, proportions and 
conservation of reagents, the need or not to incorporate a preheating phase and potential 
interference caused by metals in the samples as well as pH and temperature effects. In 
addition, results are generally assessed at a single time point, and often, reactions are assumed 
to be linear, resulting potentially in loss of information and increasing the risk of erroneous 
conclusions. 
 
4.1.3. The OxHLIA procedure 
 
As recommended by Takebayashi 80, erythrocytes need to be obtained from several adult 
sheep to reduce the influence of individual differences. Although the common procedure uses 
sheep erythrocytes, other sources as human or bovine ones, have been proved to produce 
similar results. Erythrocytes should be washed at least three times with PBS (phosphate-
buffered saline) and re-suspended in PBS at a 2.8% (v/v) suspension. 
 
4.1.3.1. Test-tube format 
 
As described 80, sheep erythrocytes are suspended at a final concentration in which the 
maximum hemoglobin liberated can not saturate the spectrophotometer measuring. The 
solution is prepared in 0.7% (v/v) PBS (pH 7.4) with ~40mM of AAPH in the absence 
(control) and presence of increasing concentrations of A sample in a test tube at 37 ºC, in a 
water bath with shaking. An aliquot of this mixture was periodically withdrawn every 15 min 
for 3 h, and the degree of hemolysis (%) was determined from the concentration of 
hemoglobin in the supernatant after centrifugation by measuring the absorbance at 524 nm. 
The results are expressed as delayed time of hemolysis (Δt) as follows: 
 
S Ct      [2] 
 
Where τ is the time (min) needed to reach the 50% of the erythrocyte population is lysed. The 
subscripts S and C stand for the A sample and the control, respectively.  
 
4.1.3.2. 96-well plate format 
 
As described by Takebayashi’s work 81, the erythrocyte suspensions (50 µL), in the absence 
or presence of an A sample (100 µL) in PBS, were added to a flat bottom 96-well plate. 
Complete hemolysis was obtained by adding water to the erythrocyte suspension without 
sample. The plate was pre-incubated with a lid at 37 ºC, then AAPH (50 µL, 160 mM in PBS) 
was added to initiate the assay and incubated at 37 ºC in the incubator with shaking. The 
optical density at 660 nm was measured every 10 min. The percentage of survival erythrocyte 













where n is the optical density measure at the start of the reaction (0) or at any t (min) and nmax 
is the maximum optical density of the complete hemolysis. Then the time to reach 50% of the 




survival population (τ) is obtained graphically for an increasing concentration of an A. 




The kinetic part is solved in general by a graphical method. In the test-tube and microplate 
approaches, the Δt values obtained are analyzed in liner terms as a function of the A 
concentration. The slope ([A]/min) of such analysis is used as the comparative value between 
different compounds. Although such a double approach is correct, it seems contradictory that 
the algebraic tools are reserved only to the second part of the procedure, which prevents the 
statistical validation of the results as a whole. The statistical information of the parameters 
found in the first graphical step is lost, and even if we compute the parametric estimations of 
the second step, it does not take into account the variable involved in the first step. Thus, 
among other problems, the two-step procedure lacks in a proper statistical estimation.  
 
4.1.4. The copper-induced oxidative LDL method 
 
Esterbauer and co-workers 82–84 established the method for continuous monitoring of in vitro 
oxidation of human LDL. Briefly, after dialysis against phosphate buffer saline to remove 
EDTA at 4 °C, LDL (50–100 μg/mL) is oxidized with 1–10 μmol of copper at 37 °C. The 
common evaluation methods of LDL susceptibility to oxidation in vitro are based on LDL 
oxidation, induced either by transition metals (usually copper) or by organic free radical 
generators 85–87. Conjugated diene formation during LDL oxidation is monitored by changes 
in wavelength absorbance at 234 nm spectrophotometrically usually for periods of 200-400 
minutes. Although the relevance of oxidation induced by either of these “pro-oxidants” to in 
vivo oxidation is questionable, the simplicity and reproducibility of the copper induced 
oxidation assay have made it attractive for routine and research assays. In general, authors 
analyze the kinetic diene formation after the LDL oxidation started by a graphical method or 
by very simplistic mathematical approaches. 
 




- DPPH: a stock solution of 75 mg/L of DPPH (2,2-diphenyl-1-picrylhydrazyl) in 
methanol was prepared 18,88–90. To test the AC, this solution is diluted with methanol to an 
absorbance of ~1.2 at 515 nm. 
- ABTS: the stock radical solution of ABTS is obtained by mixing (vol:vol) 4 mM 
ABTS (2.2 mg/mL) and 1.5 mM in K2S2O6 (0.4 mg/mL) in methanol at room temperature in 
absence of light for at least 12 h 88,89,91,92. A complete oxidation requires a ratio of 2 M:1 M 
(ABTS:K2S2O6). The ratio applied is 2.66:1, ensuring the conversion of the non-radical form 
of ABTS to the racical one. Afterwards, this solution is diluted in methanol ~25 times to 
obtain an absorbance of ~1.2 at 735 nm. 
 
Both stock solutions were kept in a translucent tube at 4 ºC in darkness. The solvents and 
other chemicals used for the preparation of both reagents were of analytical grade. The 
absorbance of both stock radical solutions was measured daily. If any loss of the free radical 
capacity was noticed, the solution was prepared again 93 
 
4.2.2. Procedure in Test-tube format 
 




1.9 mL of the diluted solution and 0.1 mL of the sample dissolved in methanol (10-100 
mg/mL) are mixed and measured after 30 min. If the sample can not be dissolved in methanol, 
buffered distill water (PBS: 100 mM and pH=7.4) can be used. Otherwise 88,89, dry solids of 
the sample (1-10 mg) can be mixed directly in 1.9 mL of the reagent and stirring the sample 
for 2 min in 5 min intervals during 30 min. The same procedure is applied to a series of 
dilutions of the standard A of TRO in a range of 0-100 µM (final solution). 
 
4.2.3. Procedure for the determination of the individual dose-response effects 
 
The procedure was performed by adding 50 µL of sample and 250 µL of reagent into the 
wells (350 µL) of a microplate reader of 96 units. The microplate-reader was programmed to 
read the absorbance at the respective wave lengths every minute during a period of 200 
minutes with agitation at 660 cycles/min (1 mm amplitude). The reduction of ABTS•+ and 
DPPH•+ (15 nM and 30 nM, respectively in the final solution) at 30 ºC were followed by 











   [4] 
 
where A0 and AS are the initial and sample absorbance, respectively. Apparently, in both 
reactions, the behavior of I as a function of the A concentration is linear. A calibration curve 
with TRO is described by: 
 
 0 XI b m T    [5] 
 
in which [TX] is the concentration (µM) TRO, b0 the intercept and m is the slope of the curve. 
Thus, considering the inhibition capacity of a sample (IS), the µM TRO equivalents (eqvA) can 








  [6] 
 
5. Selected group of formal mathematical expressions for describing the kinetic 
response of antioxidant 
 
In many biological systems, as microbiology, toxicology, pharmacology, immunology, 
population dynamics, etc, for wide diverse circumstances, it is usual to approach the 
description of a response (independent variable) as function of another variable (dependent). 
Within such a 2D frame, all this different possible responses can be described by a group of 
mathematical expressions (mechanistic or not) that translates the pattern of the response into 
parameters that allows to deduce the meaning and/or quantify the effect of many possible 
dependent variable in a simple and global mode. Except for the particular case of responses 
lineally dependent, in almost all the other cases -which are the most frequent ones in biology-, 
non-linear expressions must be used to properly describe the effects of variables.  
 
There are non-linear functions such as the normal, log-normal  and  distribution among 
others, capable to produce great variety of symmetrical and asymmetrical profiles within a 2D 




frame as function of the relations between the values of their parameters. However, the direct 
application of any of them as a fitting mathematical tools fall with the difficulty that their 
accumulative expressions enclose integrals that can not be solved in closed form. Reason why 
in biological systems traditionally other functions much more manageable such as hyperbolic, 
potential, exponential, sigmoidal, etc, have been typically used. Although if we generalize the 
action in a 2D frame, those models that cover the maximum possible responses and minimize 
the number of parameters, even if the available mathematical expressions is significant, the 
group that best meet these conditions and have been applied in different fields with high level 
of accuracy can be significantly reduced to a small group of functions.  
 
Often, authors test several types of equations to a given set of data in order to find which one 
is more appropriate to describe a specific response, and in occasions the different mechanistic 
rates is related with the biological reasons of the process. Although it exits well know 
processes related to one type of equation, the experimental error or the variability of the result 
or the lack of data, is also very typical to find that the differences of applying one or the other 
are very narrow. Consequently, the same biological process can be described by several type 
of set of equations. Thus authors choose the one that better fits their data or the one that have 
been traditionally applied in their field of study. Therefore, the application of an equation, in 
many cases, losses its mechanistic inference and they are fundamentally used as a 
mathematical tool to extract detail information of the process thought explicit parameters, 
among many, the maximum rate, the half-life, the lag-phase, etc.  
 
The range of models available is large and common in many fields of study. The preferable 
options are always models that have less number of parameters and models with parameters 
of direct meaning of the process under analysis. In this sense, for the kinetic description of the 
antioxidant behavior, we have found three alternatives in the bibliography 30,31,53 covering a 
wide spectrum of profile responses, from potential to sigmoidal ones, with and without 
intercepts. Table 1 summarizes the traditional forms of the equations that will bellow 
described and tested to evaluate the kinetic profile of the A response.  
 
5.1. Potential functions without intercept. Power equation 
 























where R is the oxidized substrate at each given time t, the response is standardized into a 
frame [0,1], obtained in its decreasing (↓) and increasing (↑) form, in which 0 is the initial 
response at t = 0 and 1 is the response when the substrate is fully oxidized. The parameters a 
and b depend on the concentration of the A. The authors claim that this equation can fit 
different responses such as the ones found in the DPPH and β-carotene bleaching assays. 
Other interesting parameter values such as the average rate and half-life (or time when 50% 
oxidation is achieved) can be obtained with further calculations using parameters a and b 
(Table 1).  
 
5.2. Three parameters sigmoidal equations without intercept. 
 
Several different process such as the determination of survival or mortality of a population, 
for bio-analytical methods (immunoassays, bioassays) thought dose-response effect of a 




agent, in pharmacology concentration-effect curves, in enzymology the activity of an enzyme, 
etc, have been described with sigmoidal equations without intercept.  
 
By assuming different mechanistic rates for equation several well known three parameters 
sigmoidal equations, as it will be seem, have been obtained and applied in different fields.  
 
5.2.1. Hosselfed equation (also known as Hill equation) 
 
Hosselfed IV (1822) 94 suggested a way to describe the tree growth, equation that was lately 
reinterpreted to measure the rate of mortality and now we use to describe the kinetic rate of an 






















in which K is parameter to standardize the range, α is a shape parameter and  is the half-life 
parameter (). This equation was popularized after the application of A.V. Hill 95 to describe 
the equilibrium relationship between oxygen tension and the saturation of hemoglobin. In 
pharmacology, the Hill equation has been extensively used to analyze quantitative drug–
receptor relationships 96 by describing the nonlinear dose–response relationships. The main 
reason for the success of the Hill model is probably its flexibility and effectiveness in fitting 
experimental data. Presents an asymmetrical curve in which the inflexion point only exists if 
α>1.26. 
 
5.2.2. Gompertz function (law of human mortality) 
 
Gompertz (1825) 97 suggested that a “law of geometric progression pervades” in mortality 
after a certain age and the rate of mortality. This equation was designed to describe the age 
distribution in human population, has been successfully applied to many biological processes 
demonstrating sufficient flexibility and has also been called the exponential decay function 98. 
By reparametrizing it to explicitly show the half-life parameter () the following increasing 
and decreasing functions can be found: 
 
exp( ) 1









      and      
exp( ) 1













If the parameter α =0 the equation it does not exist, if α is close enough to 1 the equation 
describes a first-order profile, as the parameter c increase the equation describes different 
degrees of sigmoidicity and if α <0 the equation describes potential profiles. 
 
5.2.3. Bertalanffy-Richards -Chapman equation 
 
The Chapman–Richard function 99–101 is another three-parameter model that behaves similarly 
to the previous ones, has an upper asymptote and goes through the origin. The trade mark of 
the Chapman-Richard equation is its flexibility. It has been used in several fields and authors 
have found acceptable fittings: 
 







    
 







   
 
 [10] 





Please note that if we made α=3 we would obtain the expression know as Bertalanffy 
equation, which is a simplification of the Chapman–Richard function to avoid the major dawn 
back of this equation, which is the sensibility of α parameter. 
 
5.2.4. The power function (today's known as the Weibüll equation). 
 
First developed by Fréchet (1927) 102 and first applied by Rosin & Rammler (1933) 103 to 
describe a particle size distribution, is today the well known Weibüll distribution described in 
detail by Weibüll & Sweden (1951) 104 to analyze the mechanical failure of machines. If we 
consider the distribution of the times to failure of bodily organs or even damage to cells which 
may lead to death, and suppose that death results when the first such failure occurs, we have 
an analogy with mortality: 
 






such equations are very versatile and flexible, when α <1 it describes factionary-order kinetics 
Zhishen et al. (1999) 73, when α =1 describes a first-order kinetics when α >1 produces a 
variety of sigmoidal profiles that are the common solution for the system.  
 
5.3. Three parameters sigmoidal equations with intercept. Growth equations. 
 
Growth equations describe change in size of an organism or a population with age. Biological 
growth, the outcome of numerous and complex processes, appears remarkably simple and 
many equations have been proposed although only have been proven useful. 
 
5.3.1. Logistic equation 
 
The logistic growth curve, sometimes called the Verhulst model (as it was first proposed as a 
model of population growth 105,106) is one of the simplest of the S-shaped growth curves. 
Assume that the rate of growth of an organism declines with size so that the rate of change in 













Historically, this expression has been named and re-named by several authors re-arranging its 
presentation (Logistic, Fermi, Clínica, Boltzmann) 107. Almost two decades ago, the Özilgen 
brothers 31 recognized the difficulty of verifying a detailed kinetic model in a process with the 
complexity of the lipid oxidation and used as a linear transformation of the Verhulst model to 
allow to formalize and predict the oxidation process. Recently, several authors 4,14,31,53,108,109 
have argued directly or indirectly the use of the logistic equation. 
 
 





       
Table 1: The 3P-SE equations with or without intercept used are summarized next along with other several properties. The original or traditional forms of 
these equations were reformulated to facilitate comparisons, thus all of them would have a positional parameter such as the half-life () and an asymptotic 
parameter (K) among the regression parameters of the functions. The third parameter α for those models without intercept would represent the value of the 
intercept and for those with intercept would be related with steepness of the function. 
       
       
 Other names  f(t) = (R; K,, α) Properties Maxim. rate (vm) Lag-phase (λ) 
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6. Numerical and statistical methods 
 
6.1. Fitting procedure 
 
Fitting the experimental results to the proposed equations was carried out by minimization the 
sum of quadratic differences between observed and model-predicted values, using the 
nonlinear least-squares (quasi-Newton) method provided by the macro Solver de Microsoft 
Excel 2003 spreadsheet 110. It allows quick testing of hypotheses and display of its 
consequences.  
 
6.2. Determination of the parametric confidence 
 
The determination of the parametric confidence intervals (CI) and model consistency 
(Student´s t and Fisher´s F tests, respectively, in both cases with = 0.05) were calculated 
using the ‘SolverAid’ macro 111,112. Other statistical assessment criteria that were applied to re-
check the consistency of model are next described: 
- The ‘SolverStat’ macro 113, which is used for the assessment of parameter and model 
prediction uncertainties allowing the analysis of different solutions in the parameter space. 
- Distribution of residuals, which always were randomly scattered around zero and grouped 
data and autocorrelations were not observed.  
- Adjusted coefficients of multiple determination ( 2
adjR ), which indicates the goodness of fit. 

























where pred and obs are the predicted and experimental values, respectively, and n the number 
of observations. The nearer the values of Bf and Af are to 1, the better is the fitting of the 
experimental data to the model. 
 
6.3. Model selection criteria 
 
In order to assist us select the best model, we have used different model selection criteria 
(MSC) to evaluate the multivariable fit and explanatory appropriateness of the equations. In 
the present work, the AIC, AICc, BIC, RIC, Cp, R2adj, FPE, and MSlC criteria (Table 2) were 
obtained directly using an Excel spreadsheet. The usefulness of MSC to choose the best 
solution and model is well-documented 114. A model should be complex enough to extract the 
regularities in data, but simple enough not to overfit it and thereby reduce predictiveness. 
MSC adjust the goodness of fit in order to penalize model complexity, overfitting and lack of 
generalizability. Currently, there are a variety of MSC available 115, but there is no one 
criterion that can lead to a perfect choice 116. If the above solutions do no solve completely the 
selection, other criteria more intuitively can be used, such as the asymmetric, kurtosis and 
distribution of the residuals. The residuals should be randomly scattered around zero to avoid 
autocorrelation 116. Hereafter, we will call OP the point's distribution that correlates, with a 
coefficient r2, observed and predicted results, and R2 the adjusted coefficient of multiple 
determination. Model selection criteria help to differentiate the most “true solution”. In 
general, all statistical MSC merge into similar solutions. Such a conclusion, can be explained, 
because once the solutions that do not present significant parameters are excluded, any of the 
MSC presented will solve similar and precisely the selection most appropriate. 






       
       
Table 2: Comparison of different model selection criteria (MSC) typically used to compare the models based in their complexity, goodness of fit, overfitting 
providing criteria to choose the most “true” solution. n: number of independent measurements considered in the fit. k: number of fitted parameters. RSS: 
residual sum of squares. ESS: explained sum of squares.  
       
       
Criterion Ranking Claim Formula Additional information References 
       














It favors models with many variables. 
(Gang & George, 1988; 
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It favors models with many variables, 
but penalizes the complexity of the 
models in larger way than the AIC. 
(Gang & George, 1988; 
Shi & Tsai, 2002) 117,118. 
The Schwartz or Bayesan 
Information Criterion 




   ln ln BIC n RSS n k  
The BIC is Bayesian because it is 
designed as an index of the evidence in 
favor of a given model being “true”.  
(Schwarz, 1978) 119. 
Akaike's Final Prediction 
Error (FPE) 











(Shi & Tsai, 2002) 118. 
Mallows' criteria (Cp) Smaller value 
goodness of fit / 
overfitting 
 / 1 2     PC n RSS ESS n n k   
(Gang & George, 1988; 
Shi & Tsai, 2002) 117,118. 




goodness of fit / 
complexity 










The proposed adjusted coefficients 
correct the overestimation problem of 
the unadjusted coefficients. 




goodness of fit / 
overfitting 




RIC n k RSS k n
n k
        
 
Performs well except when the sample 
size is small and the signal-to-noise 
ratio is weak. RIC's large penalty 
function allows it to perform better than 
BIC. 
(Shi & Tsai, 2002) 118. 
Model Selection Criterion 
(MSlC) 










(Schwarz, 1978) 119. 
       
       
 
 




7. Experimental design 
 
7.1. A Dose response design for achieving a good approximation to the least parametric 
confidence interval 
 
The confidence intervals (CI) of the parametric estimates depend on the error, the functional 
profile (parametric values) and the experimental design. Since error and profile are a 
posteriori data, a tabulation of the regularities of this system seems a tedious and fruitless 
task. However, for dose-response assays can be easily arranged to formulate a design 
substantially more accurate than that derived from intuitive considerations. 
 
An extensive set of simulations carried out with systematic combinations of designs and 
parametric values led to conclude that, for any type of sigmoidal profile generated and any 
dose number (n), an appropriate design to optimize simultaneously the accuracy of the 
parametric estimates should comply with the following conditions: 
 
1) The dose series should be performed in geometric progression. 
2) The minimum dose should be that one that produces a response of 10% of the 
maximum one. 
3) The response should present 25-30% observations that produce asymptotic responses. 
 
The flexible ranges in 2) and 3) conditions prevent to identify this design as optimum in 
absolute terms. However, the parametric CI resulting from these conditions are always a good 
approximation to their minimum values, allowing to define a quasi-optimum design. The 
condition 2) may seem paradoxical, since it avoids low responses despite they are an 
important purpose of the analysis. However, this is a consequence of the functional form 
describing the phenomenon, and it means only that it is not very reasonable to insist on 
measuring times at short spaces.  
 
It should also be underlined that, although this design produces the least CI with any profile, it 
does not imply that the CI in any profile will be equal.  
 
This way, the preliminary tests required by any DR analysis allow to approximate to the 
optimum design increasing the robustness of the model against the experimental error.  
 
7.2. Dose-response designs for testing the interactive effect between compounds 
 
In any design, a convenient practice is to code the doses (dividing them by the maximum 
ones) in such a way that both individual series include the same values (Di) within the [0, 1] 
interval. Together with the encoding of the response in the same interval, this facilitates the 
fitting process and provides standardized parametric estimates. Once the Di series is defined, 
there are several reasonable modes to establish the mixed doses covering the experimental 
domain (Figure 2). 
 
7.2.1. Simple radial design 
 
Besides the individual series D1i, 0 and D2i, 0 (D1i=D2i=Di), this option includes several 
additional sets of mixed doses (d1i, d2i), each set defined by a constant ratio (d1i/d2i=Q) 
between the concentrations of both effectors. Thus, the mixed dose set located along the 
radius defined by Qn is: 
 
If Qn  1:  1 ii Qnd D           ;    2 i ni Qnd D Q   




If Qn > 1:  1i i nQn
d D Q     ;    2 ii Qnd D  
 
7.2.2. Concentric radial design 
 
Similar to the preceding one, but with mixed doses defined from the angle (n) that each 
radius makes with the variable representing the D1i series: 
 
  n1i n
= cosid D     ;     n2i n = sinid D   
 
Number of radii and values of j (or Q) can be freely fixed, taking into account that high 
(75º) and low (15º) values of j favor the detection of interactions. 
 
7.2.3. Equiadditive design 
 
Mixed doses are grouped in series defined by a constant sum (d1i+d2i=S). Thus, v being the 
desired number of doses per series: 
 







   
 
                  ;      2 1ni S i Sn n
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   ;      2 1ni S i Sn n
d S d     ;   (hv=0, 1,…v–1) 
 
Radial equiadditive design: mixed doses fulfill simultaneously the conditions d1i/d2i=Qn and 
d1i+d2i=Sn, therefore: 
 
 1 1i n nd S Q     ;     2 1 1 1i n nd S Q      
 
7.2.4. Complete design 
 
It is the most intuitive experimental plan, combining simply all the doses of an effector with 
all doses of the other. 
 
In principle, each design offers specific advantages for identifying concrete modes of action 
and interaction by comparing, through an appropriate statistical criterion, the observed 
responses at certain dose series with the expected ones under IA or CA null interaction 
hypotheses. However, in our experience the response surface properties in joint actions imply: 
1) numerous indistinguishable situations as analyzed by means of radial or equiadditive 
series; 2) responses whose behavior in a given region of the experimental domain does not 
represent necessarily what takes place in other regions. 
 
In fact, the most discriminative tool is the explicit model, and in order to simulate such 
conditions, the complete design is the most advisable. Even if one wants to disregard doubtful 
auxiliary functions, the responses to a same dose set of an effector in the presence of 
increasing doses of the another form very specific systematic sequences. These sequences are 
more informative than radial or equiadditive ones, and can be advantageously subjected to the 
comparative criteria above mentioned. Additionally, a good coverage of the experimental 
domain (complete design) is more efficient than an increase of the number of replicates to 
minimize the effects of the experimental error. 
 



















V-A: Formal mathematical model for describing the kinetic response of 
antioxidant and pro-oxidant responses. The problems associated with the 
simplistic approaches. 
 
Studies have demonstrated that antioxidants have potential preventative effects against 
oxidative stress 34–36. Consequently, the search for naturally occurring compounds with A or 
pro-oxidant capacity has increased dramatically in the past years. Researchers have found 
many dietary sources of antioxidants such as cereals, fruits, oils, spices, vegetables and 
beverages 38–43 that have proved disease-preventative and health-promoting effects 
counteracting most common oxidative processes, when they are added to the diet regularly. In 
less number, researchers also have found many compounds that accelerate or directly oxidize 
different substrates. 
 
However, before any information is provided, much attention must be paid to the way of 
computing the equivalent anti- and pro-oxidant capacity. Consistently, the in vivo and in vitro 
methods to test new promising sources of compounds, are based on a single concentration at 
one time, expecting that those single values will be equal at any lower or higher concentration 
at any time (as a linear behavior). In fact, this pattern only takes place in particular cases, 
because the oxidation reactions in which antioxidants and pro-oxidants (P) are involved are 
complex. The nature of the oxidation modifiers (OM), the substrate and the environment, as 
well as the involved mechanism are factors which can perturb significantly the oxidation 
process 4,13,24. Perhaps, one of the causes that force researchers to use simplistic quantification 
procedures is the lack of a universal method, capable of assessing the compound capacity of 
OM independently from the system under study. In consequence, it has become essential to 
test the compounds with different methods, and as a result, authors tend to simplify the 
calculation method in order to amplify the number of testing procedures. 
 
Despite the advisability of using mechanistic or empiric kinetic models as indicated by 
different authors 28,30,31,53,109, researchers continue to use simple calculation tools more often 
than necessary. However, the method used to measure and compute the AC has a major 
impact on the results, because in both in vivo and in vitro, the oxidation reactions are 
complex.  





Recently, Frankel & Finley (2008) 12 showed their concern with regard to the lack of 
standardization in the multiplicity of methods applied to the evaluation of natural 
antioxidants, and to the variable and confusing results that are produced in the context of 
working with complex substrates or, even more, with in vivo systems. Although this problems 
have very diverse sides, the most elementary is still the absence of formal models that allow 
to define at least what can be expected from the experimental designs, to establish the most 
appropriate domains for the independent variables which are included, and to quantify 
parameters which lead to objective comparisons among the effects of different OM and the 
results of different approaches. 
 
In consequence, in first part of this results sub-section we would like provide evidences that 
would prove: 1) the reduction to study the dose-response at one single-time and dose, 
expecting to find linear forms (as described by the non-kinetic approaches) frequent lead to 
unreliable results, and 2) the preference for apparently simple assays, routinely applicable 
with minimal calculation requirements, is not very justifiable today given the availability of 
computational applications and microplate readers, whose combination provides adequate 
tools to work with data sets that allow to perform accurate evaluations with non-linear 
modeling. Such results can be easily extrapolated to the other in vitro and in vivo assays 
generally used to determine the capacity to counteract the oxidation products formed.  
 
Afterwards, in a second part of this results sub-section we will present a formal model as a 
basic criterion that take into account the kinetic of the process and the dose-effects of the 
agent in a dose-time-dependent mode. 
 




1. Typical problems associated with the application of non-kinetic approaches to 
quantify the antioxidant response: the -carotene reaction as illustrative case 
study 
 
The analysis of all the particular problems associated with the diverse quantification criteria 
used for each method is unfeasible. However, since most of the methods share the main 
objectives, operative requirements corresponding to the accomplished oxidation reaction, in 
this section, it has been chosen as a case study, a well-accepted model for testing the OM 
effect of samples, the β-carotene bleaching assay (βCA). The quantification approaches 
considering or not the variation as function of the time and the dose applied to analyze the 
response of this specific assay is diverse. This method, as many other techniques, very often 
has a poor evaluation of the results 12, despite the regularity of the oxidation and inhibition 
process. It is, therefore, a robust and meaningful example that can be used as a case study for 
raising the discussion of the problems associated with the different quantification criteria used 
to analysis the responses generated for each method. By characterizing several common A, the 
problems of using single-time-dose quantification procedures, disregarding kinetic 
considerations, are discussed in detail. Note that the results found for A are equally applied for 
P. We have selected the A responses as an illustrative example. 
 
By evaluating the dose-time-dependency of the response of the βCA as a case study, using the 
synergistic combination of strong quantification procedures and high amount of results with 
lower experimental error (applying microplate readers), the AC of well-known commercial 
antioxidants reveals the lack of meaning of single-time criteria. Also, it demonstrates that the 
time-dependent response in the oxidation process in most of the reactions is inherently non-
linear and should not be standardized at one single-time, because it would lead to unreliable 
values, hiding the real aspects of the response. In addition, the application of single-time 
criteria causes deficiencies in the control of A content in food matrices.  
 
After the publication of the work of Marco (1968) 74, several ways that abbreviate the 
procedure, avoiding the use of kinetic analysis with probabilistic paper (as described in the 
material and methods section) to quantify the response, were published. There is a high 
diversity of quantification criteria (Q) at a fixed time that has been used to analyze the 
responses. Next, the most common single-time-dose typically applied in the C reaction and 
the dose-response single-time methods are summarized. Note that several others have been 
excluded from the analysis due to the redundant of its application with one of the alternatives 
described next.  
 
1.1. Single-time at single-dose 
 
1.1.1.  Procedures of single-time at single-dose 
 
Q1: Percentage of oxidation inhibition (I) or relative activity  
 









   [14] 
 
where Mt is the final absorbance of the reagent in the presence of the sample and C0 the initial 
absorbance when the sample is replaced by water (control). The single-time used to test their 
AC is usually 10, 20 or 30 min. 





Q2: Antioxidant activity coefficient (AAC) 
 













where C, M and t subscripts have the same meaning as in the previous case. Again, the time 
varies from 1 to 2 hours, establishing a priori 125 or selecting an appropriate frame for 
interpolation, in view of the kinetic data.  
 
Q3: Antioxidant activity coefficient modified (AACm) 
 















where the value meanings are as in previous cases.  
 
Q4: Relative rate of degradation (RD)  
 








   [17] 
 
where rc and rm are the specific rates of the control and sample βC bleaching, calculated 
























in which C and M are the control and the sample respectively and t are usual analytical times, 
usually 10, 20 and 30 minutes. 
 
Q5: Ratio of oxidation rates (ROR) 
 






















Figure 3: Analysis of the problems of single-dose quantification procedures at a fixed time (Q1-Q5). We use the dose-
response of the antioxidant BHA 0.0-(0.5)-5.0 μM as the reference antioxidant and evaluate the results in the βCA reaction 
from a kinetic point of view. Six samples (M1-M6) are used to test the robustness of the Q1-Q5 criteria. The doses used of 
the samples are: M1 (8 nM of TOC), M2 (1007.5 μM of Zn), M3 (80 μM of PG), M4 (200 μM of Mn), M5 (20 μM of BHT) and 
M6 (4 nM of ETX). 
 
1.1.2. Analysis from a mathematical standpoint of single-time at single-dose criteria 
 
Commonly, the mathematical determinations of the AC are based on a fixed endpoint without 
proper consideration of the kinetic behavior. The most typical practice is to use the single-
time dose-response of one commercial A as a calibration curve (focusing on the concentration 
range that shows a linear pattern), and afterwards to compute the equivalent AC of any type of 
sample by testing it only at one single-time-dose, assuming too many false aspects as true. In 
Figure 3, we present a graphical representation of the problematic aspects when using single-
time-dose of a sample. On the left side of the Figure 3, the kinetic results (32 time points 
measures) of the βCA reaction at increasing concentrations of BHA (as the calibration curve) 




are displayed in the format of each of the non-kinetic evaluation criteria (Q1-Q5) described in 
the Materials and Methods section. In the middle of Figure 3, six well-known A are presented 
as samples (M1-M6) and their kinetic activity is shown at one single dose for each of the non-
kinetic criteria (Q1-Q5). Finally, on the right side, the computed equivalent activity, by 
interpolation of each of the samples for each of the kinetic points analyzed, are shown. It can 
be seen that the equivalent activity of BHA per each sample varies considerably as function of 
the time of interpolation.  
 
The variations depend on the level of similarity between the curves. The BHA dose-response 
curves is a specific case that we know 15 that behaves close to a first order response in the 
βCA reaction. For those sample responses that their kinetic profile have similar pattern, their 
equivalent kinetic response is kept more or less constant, which is the case for M1, M2 and 
M3 samples. However, even in those responses with similar profiles, it can be seen that 
performing the equivalent activity at initial kinetic points (<25 min), the response at which the 
major measurement errors are produced, causes high equivalent activity inaccuracies. For all 
other cases, the type of the response profile was different than that exhibited by the reference 
A (BHA) and this caused a considerably dependency on the time at which the kinetic measure 
is performed. For example, cases M5 and M6 showed a different degree of sigmoidal profiles, 
their kinetic equivalent computation show major differences at any time. The case of M4 
shows a potential pattern, as for M5 and M6 the kinetic equivalent activity shows as well high 
dependencies on the fixed point to test the activity, but in an opposite way. 
 
1.2. Dose-response at a fixed time 
 
1.2.1. Procedures that uses a dose-response at a fixed time 
 
Other authors 30,130 used any of the Q1 to Q5 quantification criteria or similar, at a fixed time 
as function of different doses of the sample and the A of reference. When the results behave 
linearly, the slope is used as the comparison term and when the response behaves non-linear 
typically, the dose at which the inhibition reaches the 50% (IC50) is used as the parameter for 
comparative analyses.  
 
1.2.2. Analysis from a mathematical standpoint of criteria that uses a dose-response at a fixed 
time 
 
The problems above explained, are not solved when the quantification solutions involve 
computing the slope (linear responses) or the IC50 (non-linear responses) of a reference A and 
samples at a single or various fixed end points for any of the Q1-Q5 criteria or other similar 
approaches. Although testing both samples and reference A in a dose-response way seems to 
be a more consistent approach, the calculated values (slope and IC50) remain highly dependent 
on the time and on the similarities between the behaviors of the dose-response of the 
compounds.  
 
On one hand, to illustrate the dependence on the time, Figure 4A shows the kinetic dose-
response of BHA in the format of Q1 criterion. In this figure we select “randomly” two 
possible fixed time points (25 and 100 min). Figure 4B shows the non-linear dose-response of 
BHA at those fixed points showing graphically the variance of the IC50 obtained. Figure 4C 
shows the behavior of the computed value IC50 at all kinetic times measured. Therefore, the 
fixed points initially chosen have a relevant impact on the final IC50 obtained. In the case of 
BHA, the dose-response tested was between 0 and 5 µM, and the range of the computed IC50 
between 0.5 and 2 µM.  
 





Figure 4: Analysis of the problems of dose-response quantification procedures at a fixed time (Q6). As example we use the 
dose-response of the antioxidant BHA 0.0-(0.5)-5.0 μM and evaluate the results in the C bleaching reaction from a kinetic 
point of view. A: kinetic dose-response of BHA in the format of Q1 criterion; B: non-linear dose-response of BHA at the fixed 
points selected in the previous graph; C: behavior of the computed value IC50 at all kinetic times measured; D: dose-
response of samples M1-M6 (concentration ranges in material and methods section). E: computed kinetic IC50 value for all 
samples; and F: the equivalent mg of BHA activity of all samples. 
 
To extend our concerns about the applications of this type of quantification criteria, Figure 4D 
shows the dose-response of samples M1-M6 (concentration ranges in legend of Figure 4). 
Figure 4E shows the computed kinetic IC50 value for all samples, the reader should note that 
this response was standardize in [0,1] format to see the differences in a more graphical mode, 
in which 0 represents the absence of A and 1 the maximum tested dose of A. Thus, the reader 
can observe that the kinetic variance of IC50 in some cases reaches values up to 70% of the 
dose response tested.  
 
On the other hand, to illustrate the dependency on the type of dose-response profiles, we have 
computed the equivalent mg of BHA (Figure 4F) per x unit of concentration of each A (the 
corresponding x units of each A are clarified in the graph). It can be observed that those A that 
had similar kinetic IC50 profiles (M1, M2, M3 and M5 cases), which only occurs after 75 min 
of the assay (probably when the protection of the A has ended) showed “relative consistent” 
results. However, such a fact seems to be more casual than a reliable measure. Any dose-
response at a fixed point earlier than 75 min (dark area on plots D and F of Figure 4) resulted 
in serious inconsistencies.  
 
In general, when authors developed those evaluation criteria (Q1-Q6), in an effort to 
abbreviate the assays performance and obtain quick results, they related the rate process 




(decrease oxidizable substrate per unit time) of samples (in dose-response mode or not) and 
the dose-response of the A of reference. However, as non-linear kinetic responses, this value 
varies with time, thus the only useful rate value would be the maximum one, but the time at 
which the rate reaches its maximum cannot be established a priori and varies for each 
compound and concentration. In addition, the experimental effort necessary to calculate this 
value without much mistake allows, as we shall demonstrate, to perform the analysis in more 
accurate and complete form than that derived from the non-kinetic approaches.  
 
 




2. Formal mathematical model taking into account the kinetic aspect of the 
response to quantify the antioxidant and pro-oxidant capacity of agents 
 
The available data about the interference of anti- and pro-oxidants in the kinetics of oxidation 
are abundant, but often they allow only semi-quantitative conclusions, not always with 
sufficient basis, as we have proved bellow for one particular method. One of the causes of this 
problem is the absence of formal models or numerical index able to guide the experimental 
design and to calculate characterizing values that summarize the entire response. In this 
regard, in this second part we would propose a formal model that allows obtaining the 
simultaneous solution of a series of oxidation kinetics in the presence of any number of OM 
concentrations. Their application is simple, it provides parametric values which characterize 
both the oxidative process and the AC, and it facilitates rigorous comparisons among the 
effects of different compounds and experimental approaches.  
 
2.1. Selection of the most suitable best formal model 
 
Even if, in general, the criteria that applies mathematical expressions to analyze the kinetic 
part of the process produces much better results than those that abbreviates the response in a 
single-time value, there are specific problems with the type of expressions used. Next, we will 
discuss the problems and advantages of the mathematical expressions described in the 
bibliography when applied to the oxidation process (see formal mathematical expressions in 
material and methods section).  
 
2.1.1. Power function 
 
Recently, authors 29,30 have proposed adjusting the temporal progress of the oxidation to the 
Eq. [7] (Table 1). However, limiting the response in a 2D framework such as the power 
function alternative [7] are only acceptable in restricted situations. The power function is a 
possible alternative 30 to adjust fractional-order kinetic profiles, but fails in the description of 
first-order processes or sigmoid profiles. Figure 5 shows the fittings to the time-dose 
dependent response of BHA and it can be observed that the adjustments are reasonably 
acceptable. However, the parameters produced are not statistically significant (Table 3), even 
when the BHA is a particular case with profiles similar to those described for this type of 
function. Such a solution could never be applied to adjust sigmoidal profiles as those 
described in Figure 4 for the M4 or M6 samples. Therefore, this solution must be rejected as a 
general formal model for describing the kinetic variations applied to the oxidation process. 
 
2.1.2. Three parameters sigmoidal functions 
 
Other alternatives are those models that cover the maximum possible responses in a 2D frame 
and minimize the number of parameters such as the sigmoid functions. In this regard, two 
mathematical expressions, the Logistic (Eq. [12]) and Weibüll (Eq. [11]) functions have been 
transferred from other fields to describe the oxidation action 31,53. Both equations have been 
increasingly applied in different fields with diverse purposes (such as medicine, biology, 
pharmacology, microbiology, forestry, etc) to describe the diversity profile from potential to 
sigmoid ones. They are appropriate for modeling processes as the lipid oxidation to obtain 
key parameters to summarize the responses.  
 
In fact, both equations are able to describe the profile responses of the anti-oxidation kinetics 
of BHA accurately. However, as it was underlined by the authors 131, Logistic (Eq. [12]) –a 
model of autocatalytic reactions, and widely applied to the description of microbial growth in 
a limited medium– is appropriate for modeling a process as the lipid oxidation, with a slow 




initiation phase, a rapid propagation phase and a termination phase which progresses 
asymptotically towards the final state. The Logistic equation is able to describe the habitual 
sigmoidal profiles of the lipid oxidation kinetics. If the mechanistic considerations are 
neglected, when using three parameters equations, the need of establishing a starting value is 
a parameter restriction that influences the parameter estimations, and it is preferable to 
consider that the oxidative response is null at zero time. 
 
In general, the sigmoid function without intercept are the best solution to fit individually the 
kinetic profiles corresponding to a series of increasing levels of an A agent. However, similar 
results are found, when instead of the Weibüll equation, other three parameter sigmoid 
equations without interception are used such as the Hill (Eq. [8]), Gompertz (Eq. [9]) or 
Richards-Chapman (Eq. [10]) ones. Because the differences are narrow we will use the 
Weibüll equation as example, but the results are easily extended to any other mentioned S-
shaped curve without intercept. 
 
          
Table 3: Parametric estimates and CI in percentage of the dose-response of BHA 0.0-(0.5)-5.0 μM and 
evaluate the results in the C bleaching reaction from a kinetic point of view. Additional values 
calculated as described in Table 1. 
          
       
LOGISTIC FUNCTION 
          
          




          
          
0.0 0.82 ±0.01 0.071 ±0.018 0.064 ±0.007 0.0136 7.847 0.9913 
0.5 0.82 ±0.01 0.068 ±0.012 0.038 ±0.003 0.0070 3.918 0.9917 
1.0 0.82 ±0.01 0.075 ±0.013 0.025 ±0.002 0.0046 2.292 0.9833 
1.5 0.82 ±0.01 0.081 ±0.013 0.019 ±0.002 0.0038 11.02 0.9731 
2.0 0.82 ±0.01 0.078 ±0.013 0.016 ±0.002 0.0036 24.09 0.9638 
2.5 0.82 ±0.01 0.072 ±0.012 0.015 ±0.001 0.0034 37.45 0.9572 
3.0 0.82 ±0.01 0.068 ±0.011 0.014 ±0.001 0.0032 45.47 0.9588 
3.5 0.82 ±0.01 0.060 ±0.011 0.013 ±0.001 0.0031 53.65 0.9495 
4.0 0.82 ±0.01 0.058 ±0.010 0.013 ±0.001 0.0029 58.39 0.9498 
4.5 0.82 ±0.01 0.052 ±0.010 0.013 ±0.002 0.0028 62.45 0.9408 
5.0 0.82 ±0.01 0.048 ±0.011 0.013 ±0.002 0.0027 65.76 0.9284 
          
          
POTENCIAL FUNCTION 
          
          




          
          
0.0 0.93 ±0.05 2599.9 (NS) 47.85 (NS) 55.5  0.9920 
0.5 0.93 ±0.05 2500.0 (NS) 27.32 (NS) 107.0  0.9918 
1.0 0.93 ±0.05 2419.8 (NS) 17.21 (NS) 143.4  0.9915 
1.5 0.93 ±0.05 2210.7 (NS) 11.64 (NS) 163.7  0.9934 
2.0 0.93 ±0.05 2117.1 (NS) 9.19 (NS) 185.5  0.9958 
2.5 0.93 ±0.05 2064.3 (NS) 7.43 (NS) 212.0  0.9968 
3.0 0.93 ±0.05 2043.6 (NS) 6.49 (NS) 233.4  0.9961 
3.5 0.93 ±0.05 2039.6 (NS) 5.66 (NS) 265.3  0.9967 
4.0 0.93 ±0.05 2009.3 (NS) 4.99 (NS) 292.3  0.9972 
4.5 0.93 ±0.05 2024.0 (NS) 4.68 (NS) 316.5  0.9982 
5.0 0.93 ±0.05 2027.8 (NS) 4.37 (NS) 340.8  0.9985 
          
          
WEIBÜLL FUNCTION 
          
          




          
          
0.0 0.88 ±0.01 36.83 ±0.70 1.29 ±0.04 0.0132 1.11 0.9993 
0.5 0.88 ±0.01 63.56 ±0.71 1.37 ±0.03 0.0078 3.02 0.9993 
1.0 0.88 ±0.01 92.89 ±0.91 1.28 ±0.03 0.0052 2.72 0.9991 
1.5 0.88 ±0.01 122.27 ±1.67 1.15 ±0.03 0.0041 1.01 0.9981 
2.0 0.88 ±0.01 148.31 ±2.09 1.08 ±0.03 0.0035 0.40 0.9982 
2.5 0.88 ±0.01 180.38 ±3.03 1.04 ±0.03 0.0030 0.13 0.9981 
3.0 0.88 ±0.01 206.49 ±4.86 1.02 ±0.03 0.0027 0.03 0.9973 
3.5 0.88 ±0.01 233.90 ±5.13 1.04 ±0.03 0.0024 0.11 0.9979 
4.0 0.88 ±0.01 273.46 ±8.09 1.02 ±0.03 0.0021 0.04 0.9979 
4.5 0.88 ±0.01 283.22 ±5.77 1.02 ±0.02 0.0020 0.04 0.9986 
5.0 0.88 ±0.01 296.95 ±7.71 1.05 ±0.03 0.0018 0.26 0.9981 
          




          
 
 
Figure 5: Kinetic description of CA reaction, in the presence of the different concentrations 0.0-(0.5)-5.0 μM of BHA in the 
final solution with the available mathematical expressions. For each determination equation three different subsections are 
graphically analyzed: A: Univariate kinetic description of CA reaction in the presence of the different concentrations 0.0-
(0.5)-5.0 μM of BHA in the final solution (0: , 0.5: , 1.0: , 1.5: , 2.0: , 2.5: , 3.0: , 3.5: , 4.0: , 4.5:  and 
5.0 μM: ); B: The residual distribution of the fitting results for all the doses assessed; and C: Main parameters pattern as 
function of A doses. 
 




As it can be seen in Figure 5 and Table 3, the results of the univariate fitting to the BHA case 
in the βCA reaction are better performed by the Weibüll Eq. [11] than by Eq. [7] (Potential) 
and Eq. [12] (Logistic). When the fitting is performed with a sigmoid function with intercept 
as Eq. [12] (Logistic), the residual distribution and the correlations between the observed and 
predicted data show higher deviations. The major issues arise when the criterion Q8 describes 
the initial states and the final part of the reaction. Such deviations disappear when the fitting 
is performed with Eq. [11].  
 
Unlike the Q1-Q6 alternatives, once a model is established, the variations of its parameter 
values, such as K,  and , or others as νm and λ can characterize the response and help to 
quantify the effect of the OM agent.  
 
2.2. A general formal mathematical model taking into account the kinetic aspect of the 




Even if earlier we have analyzed some examples, before any step is performed, the data needs 
to be properly standardized. In an open oxidative system, even in the presence and the 
absence of an A, the system would be oxidized exhaustively at sufficiently long times, the 
responses should be carefully standardized. Therefore, before the data is analyzed, any 
response I must be normalized as a function of the maximum response (Imax) that can be 
achieved. A simple way could be to compute any response I in a [0,1] format, as follows: 
 
maxR I I  [20] 
 
Normalization of the raw data through multiplication adjusts the resulting sample variation 
(human error, excessive or defective dilution, chemical quantities present, etc). Fitting the 
normalized data resulted in a significant increase in the reproducibility and accuracy of the 
results obtained, but no significant change in the parameters produced. 
 
2.2.2. Univariate approach 
 
The above previous conclusions reflect as the most appropriate alternative the use of 
sigmoidal profiles without intercept and in particular the Weibüll equation. The original 
Weibüll 104 function was formulated in terms of the variables t (time) and R (response) as 
follows: 
 
   exp
a




In which a and b are parameters of form and position, respectively. Its use, in our context, 
requires two modifications: 1) to multiply the second member by the maximum response K, to 
assure that the asymptote can take values different from 100% in case any A or other variable 
may be able to protect indefinitely the system reaction; and 2) to reparametrize the equation in 
such a way that it would include explicitly the time for the substrate half-life (), which is the 
desirable parameter in this type of bioassay. Therefore, the time-course of an oxidation 
process can be postulated to occur, as described less specifically in Eq. [11], as function of the 
parameters variation as in the following equation: 
 
     1 exp ln 2R t K t       ; or, briefly:  , ,R W K    [22] 





where K is the asymptote,  the time required for 50% oxidation (substrate half-life) and  a 
shape parameter related to the maximum slope of the response. The equation  is very 
versatile: if α<1 it can describe the profiles generated by the model developed by Terpinc and 
Abramovič 29,30; if α=1, it describes a first-order kinetic, and if α>1, a large variety of 
sigmoidal profiles are produced. 
 
If the corresponding response (K/2) in  seems a too high value as a reference, the reciprocal 
form of [22] can be used to calculate the time corresponding to any response R representing 




ln 1 ln 2
a
t R K      [23] 
 
Some algebra of [22] allows defining the slope at time  (or rate v in the inflection point), the 
maximum slope (vm, which coincides with v if the function is symmetrical), time at which the 
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 [27] 
 
The reader should note that we have selected Eq. [22] as the principle formula to perform the 
analysis of the effector agent. Thus, we have selected the form that makes explicitly the  
parameter and avoided the other possible reparametrizations that provide other parameters of 
interests (vm, v, tK and ). Such a preference, shared by many other authors in many different 
fields, should not be a restriction. The confidence intervals of vm, v, tK and  could be 
estimated by means of the reparametrization of Eq. [22] to make such values explicit (Eq. 
[24], [25], [26] and [27]), but the result is less operative than the robust estimation of the  
parameter. 
 
A last quantitative feature is the action interval, or time that elapses, to a given concentration 
of A, until the conversion of 99% of the substrate, that is, until the response reaches the value 
0.99K. This value can be obtained isolating t in Eq. [22], but if we need also the 
corresponding confidence interval, it is preferable to use equation Eq. [22] in a new 
reparametrized form, so that it includes explicitly the value 0.99K as a parameter, an operation 
which is not problematic in this case. In general, for the time n corresponding to a response 
equivalent to n% of the maximum one (nK/100), the reparametrized equation is: 
 




   1 exp ln 1 0.01
n
t
R t K n


    
     
     
 [28] 
 
Thus, when the experimental data are fitted to this form, any statistical software provides 
directly n and its confidence interval for the established probability. 
 
Even if the solution presented produces very detail analysis of the oxidation process, as stated 
by many authors before 132,133, living systems are exposed to agents, any particular effect may 
be expected to be a function of both the dose in the external surroundings and the exposure 
time. Therefore, in the following sub-section a bivariate form is presented. 
 
2.2.3. Bivariate approach 
 
Each component of a bivariate solution has a defined role in the evaluation of OM. In general 
terms, the dose component would simply articulate the OM availability, whereby the time 
component translates the affinity of the OM for the radicals generated. Adequate 
mathematical models are available for the analysis of such phenomena. 
 
Knowledge of dose-time effect would be particularly important in the establishment of 
reference levels and to assess appropriately the effect of OM. Additionally, optimal efficient 
data analysis should involve simultaneous description of all curves, rather than fitting each 
one individually because, if the necessary information to describe a parameter of the function 
is missing in one or various curves, this can be completed with the information from the other 
curves. Also, when the mathematical behaviors of the responses are unlocked, this 
information may provide the base for classification systems that could reveal A mechanistic 
patterns. 
 
For the description of the time component of the function, we have discussed previously that 
the sigmoid equations without intercept (Hill Eq. [8], Gompertz Eq. [9] Richards-Chapman 
Eq. [10] or Weibüll Eq. [22]) are adequate approaches. For the description of the dose 
component of the function, those sigmoid equations could also be suitable. However, other 
authors 15,132,133 have made progress in the simultaneous analysis of dose-time-response to 
evaluate the OM capacity and found that the dose-effect over any parameter () of the 
function shows a saturable type effect 134. Therefore, the equations that best fit these 
requirements are the following first-order, polynomial or hyperbolic expressions: 
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where the  subscript represents the modified parameter (K, τ or ), 0 is the parametric value 
when OM = 0, and the pairs m, n are fitting coefficients. It should be noted that, in the 
absence of effect, the first function requires m = 0 and n ≠ 0, whereas the other two require 
m = 0 and n = 0. Moreover, in the third function the condition nOM = –1 produces a 
singularity, to avoid it, when OM concentrations are coded in the interval [0,1], it is advisable 
to include the restriction n > –0.999 in the fitting algorithm. 
 
Thus, the Eq. [22] turns into the following bivariate form:  
 
















    
     
     
 [32] 
 
When any of the mentioned forms of H ([29], [30] and [31]) is used in Eq. [32], excellent 
simultaneous fittings were obtained in the case of BHA and all other sample cases (M1-M6) 
which confirms the specificity of the parametric variations found in the individual 
descriptions. However, when using Eq. [29] and [30] to describe the dose effect, even if their 
parametric values are more informative, we have found, for some parameters, confident 
interval values with no statistically significant, which will lead to reject the model and 
therefore, it would be necessary to select a different approach. When Eq. [31] is used to insert 
the action of OM in Eq. [32], the individual coefficients m and n lack of proper meaning, but 
jointly they define a term as a function of the concentration of a given OM. It allows a useful 
way of quantification of the variations of the kinetic profiles which characterize the different 
types of OM and provides even indications concerning modes of action.  
 
When using these other equations ([29] or [30]), whose parametric values are more 
informative, if any of them is not statistically significant, –because, as example, for the lack 
of information on the profile obtained (normally related with the asymptote)– will lead to 
reject the model and therefore, it would be needed to select a different approach. The 
advantage of Eq. [31] is that if any of its parameters (m or n) is not statistically significant, by 
rejecting it, the analysis and fitting procedure could be continuous without altering Eq. [32]. 
Indeed, if m=0 or n=0, the equation would be a linear one (increasing or decreasing 
respectively) and if m≠n≠0, the function would be a hyperbolic one.  
 
Therefore, the final bivariate model would be an insertion of the kinetic Eq. [22] with the 
following perturbation dose-response term for each of its parameters: 
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in which the new values K0, 0 and α0 represent the parameter value when the OM 
concentration is null. 
 
Figure 6A shows the results obtained with the hyperbolic Eq. [33] in the Eq. [22] as described 
in Eq. [34] whose main parameters were: 
 
- For the control parameters (K0=0.88±0.02; τ0=36.7±1.1; α0=1.34±0.19); 
- For the τ modifiers (mτ=1.52±0.2; nτ=0); 
- For the τ modifiers (mα=0.14±0.01; nα=0.27±0.02). 
 
Figure 6A also shows the bivariate mode of action of other deducible interesting parameters 
such as vm (Eq. [24]) and  and (Eq. [27]). Figure 6B shows the prediction effectiveness of the 




bivariate approach. These results were robust and consistent, the residuals were randomly 
distributed and autocorrelations were not observed.  
 
The prediction was slightly worse than when the univariate approach with three parameters S-
shaped equations with intercept were used (Figure 5), but the joint solution provides a better 
understanding of the process. The parametric values of the bivariate analysis to the dose-time 




Figure 6: A: Bivariate kinetic description of CA reaction in the presence of the different concentrations 0.0-(0.5)-5.0 μM of 
BHA in the final solution; B: Correlation between the predicted and observed data, and residual distribution of the fitting 
results. 
 
Once the same expression is applied to samples (M1-M6), the profile defined by the specific 
action of the OM, described by the parameters of Eq. [31], provides a meaningful way to 
compare their activities. As it would be next described. 





2.3. Comparison criteria and mechanistic inferences 
 
The Eq. [33] used to insert the action of OM into Eq. [22], lacks individual meaning of the 
coefficients m and n, but jointly they define a term as a function of the concentration of a 
given OM. In fact, it is able to describe accurately increasing and decreasing tendencies, with 
linear and –asymptotic or not– hyperbolic shape. It allows quantification of the variations of 
the kinetic profiles which characterize the different OM types in a useful way that can provide 
even indications concerning modes of action. On the other hand, the combination of Eq. [33] 
and [22] represents an especially robust tool. 
 
Consequently, a meaningful way to compare OM activities consists of plotting the specific 
variation of the half-life (H), given by Eq. [33] (using the parameters obtained in Eq. [34]) as 
a function of the agent concentration.  
 
Therefore, by using this specific half-life extension (for antioxidants) or reduction (for pro-
oxidants), non-linear characterization by the parameter behavior of H describing the 
oxidation process in three different effects as a function of the sample concentration can be 
found: Antioxidant (A), when the parameter increases; Pro-oxidant (P), when the parameter 
decreases; and Null (N), when the parameter keeps constant.  
 
Afterwards, the antioxidant and pro-oxidant effects (Figure 7) can be divided into three 
different types of mechanistic behavior as a function of the relative changes of H at as 
function of the slope variation, being: constant (A1 and P1), decreasing (A2 and P2) and 
increasing (A3 and P3): 
 
(a) An increasing slope variation of H (cases A3 and P3, which seem the less probable ones) 
would suggest that when a radical encounters an OM molecule, their interaction produces 
a powerful OM, or that the OM interacts synergistically with one or more components of 
the reaction.  
 
(b) A decreasing slope variation of H (A2 and P2: the most general case) would suggest: 1) 
specific and significant differences in the interactions of the radicals with the oxidizable 
substrate and with OM; 2) antagonistic interactions between OM and one or more 
components of the reaction. Independently of which case is true, the result is that OM 
shows a pronounced maximum capability to counteract the radicals at the initial state of 
the reaction. 
 
(c) A constant slope variation of H (A1 and P1) suggests that every OM molecule will be 
exclusively consumed by protecting the specific radicals that depletes the substrate. 
Sometimes this behavior is only apparent, as a consequence of testing any of the 
preceding cases at a single time or using extremely short intervals. 
 
Independently of the mechanistic interpretation that can be inferred by analyzing the specific 
behavior of the half-life parameter, the robustness of the mathematical model applied 
produces consistent and meaningful criteria for comparative characterization and 
quantification of any OM capacity, in a concentration-time frame which minimizes the effects 
of the experimental error. 





A: Kinetic anti- and pro-oxidant responses 
 
 
B: Nonlinear characterization by the parameter behavior of  
 
 
C: Specific half-life extensions (H) of the illustrative examples tested 
 
Figure 7: A: Typical anti- and pro-oxidant responses; B: Nonlinear characterization by the parameter behavior of  describing 
(Eq. [33] using the parameters obtained in Eq. [34]) the oxidation process in three different effects as a function of the 
sample concentration: Antioxidant (A), when the parameter increases; Pro-oxidant (P), when the parameter decreases; and 
Null (N), when the parameter keeps constant; C: Specific behavior of the Hfor all the samples under study as function of A 
doses. 
 





2.4. A note regarding the problems with the use lag-phase (λ) as a parameter to focus the 
analysis of antioxidant responses 
 
The lag-phase (λ) is a common parametric value in the determination of the protective effect 
of A in a very diverse range of methods. For example, the λ is typically used in those methods 
that involve the oxidation of lipids 135 or in the induced oxidation of human LDL by Cu2+ 136.  
 
The λ value is commonly computed by mathematical modeling with S-shaped equations as the 
ones described in Table 1. Pure geometric reparametrizations of those equations are used to 
directly perform the analysis and to obtain the λ value as a parameter in the equation. Those 
rearrangements define the λ as the intersection point obtained at the x axis (time units in this 
case) by a linear extrapolation tangent to the curve at the inflection point (if the equation is 
symmetric, value at which the rate of the process is the average and maximum of the full 
process) or at the point, where the rate is exactly the average of the full process (asymmetric 
equations).  
 
This value is obtained and computed in a dose-response format and expressed in min/µM. The 
higher this value is, the stronger the A is. Authors that support those approaches defended 
their simplicity and less experimental effort needed.  
 
In this sense, many authors emphasized the particular difficulties in estimating the λ 
parameter 137. Two reasons may explain those difficulties: 
 
- The first problem has been studied in depth in other fields, notably in food microbiology, 
in which the estimations of the λ has been found especially unreliable from different 
equations or graphical interpolations. Although different hypotheses provide similar 
estimates, the imprecision of the estimates is generally larger than the differences 
between the approaches used, which is highly dependent on the quality of the dataset.  
 
- The second reason is related to the first one and comes from the fact that the actual 
definition of λ parameter is purely geometric.  
 
To illustrate the problems, in the second part of Figure 8, we are presenting three different 
case scenarios (C1-C3) that can possible be found in the dose-time oxidation response of 
many methods. C1 shows dose-response curves with identical shape, but with different 
starting points or lag-phases. This particular case represents an ideal one, in which both values 
will be an excellent measure of the AC of compounds. However, C2 and C3 show other cases, 
in which such idyllic relations are not fulfilled. C2 shows a case in which the shape of the 
curve varies with the concentration of A, which causes very short lag-phases in the curves 
close to first-order profiles and more realistic values when the shape are more pronounced or 
sigmoid. C3 shows a dose-response case with static shape profiles as function of A very close 
to first-order ones, for this type of scenery the resulting lag-phases would always be low 
values.  
 
Overall, the three specific case responses have similar capacity, but if we compare the 
resulting values found (graphically described in Figure 8), it becomes clear that those two 
global values λ or similar parametric values are very dependent on the shape of the curve 
producing unreliable conclusions. These problems don’t take place when other parameters 
such as the vm, v and  are used to evaluate the responses. 
 





Figure 8: Illustration of the problems associated with the application of initial stages parameters such as the lag-phase (λ). 
 
 





V-B: Application of the formal mathematical model to improve, revise and 
develop anti- and pro-oxidant procedures 
 
Differences in these mechanisms make a universal assay impractical 10. The practice of 
selecting several assays to analyze compounds of interest does not follow any mechanistic 
consideration, but rather attempts to minimize problems regarding variability of results arising 
from differences in the matrix, substrate and oxidizing agent, control, characteristics of the 
system (e.g. aqueous, lipid or multiphasic) and variables such as temperature and pH. In 
addition, the acquisition of large datasets has promoted the use of simplified formula, which 
can encourage dubious conclusions. Comparisons are difficult leading to demands for unified 
analytical criteria 11–17 as well as standardization of methods and well defined protocols 
18,23,24,27,54,90,138.  
 
Methods to quantify the anti- or pro-oxidant capacity of a given agent are numerous, diverse 
and dependent on the oxidizable substrate, the OM and the whole system (aqueous, lipidic, 
emulsion, multiphasic). Under these conditions, the effort has been focused on multiplying 
assessment methods (it is common to apply 3 to 6 different procedures in each evaluation), 
and less attention has been done to their meaning, optimization and standardization. 
Moreover, the same method is frequently performed through different experimental protocols 
(see table 1) and calculation procedures. Consequently, in the last decade many authors have 
claimed to unify the approaches and have proposed standardized criteria to assess the real 
effectiveness of an A, both  in vitro and in vivo 134. 
 
At present, there is no convenient assay that enables the evaluation of the OM capacity for 
different compounds 16,26,36. The current methods to test the OM still have left many open 
questions 11,12. The in vitro assays can only rank OM for their particular reaction system and 
their relevance to in vivo activities is uncertain. Thus, it is logical that in the last decade, 
researchers have claimed more cell based approaches 21,22,36,139. Additionally, the arbitrary use 
of simple analytical procedures to calculate molecular properties, occasionally without a 
validation study, as well as a lack of statistical significance have caused much controversy 
4,14,17,23–25.  
 
However, we hope to be able to show that many of these problems disappear when, as in any 
analytical method, certain precautions are taken with the reagent and working pH and 
temperature, aiming to conserve the general autocatalytic profile of the process. In this case, 
the application of the proposed kinetic model produces stable and meaningful 
characterizations, and the microplate assay provides an appropriate tool for ensuring that 
sample series with a large number of items can be simultaneously assessed. 
 
 




1. β-carotene bleaching assay revisited. Application to characterize and quantify 
anti- and pro-oxidant activities in microplate. 
 
The β-carotene bleaching assay (βCA), a common method for evaluating anti- and pro-
oxidant capacity, has been widely criticized due to its low reproducibility, problematic 
quantification, complex reagent preparation and interference of different factors (temperature, 
pH, solvents and metals). In this part of the document, using the developed formal 
mathematical model to examine the kinetic dose-responses, we have re-evaluated the effects 
of these factors and developed a highly reproducible procedure for microplate assay, 
evaluated the critical points of the method. Very consistent results were produced, which 
provided robust and meaningful criteria to compare in detail the characteristics of several 
well-known commercial antioxidants, as well as several predictable pro-oxidants, and can be 
easily applied to natural extracts, food samples and other type of compounds.  
 
1.1. Current situation of the β-Carotene bleaching assay 
 
The βCA 24,25 is one of the most common methods for assessing anti- and pro-oxidant (or 
OM) capacity. The method works in an aqueous emulsion of linoleic acid and βC, which is 
discolored by the radicals generated by the spontaneous oxidation of the fatty acid 74,75, 
promoted by thermal induction, typically at 50°C. Quantification is based on varying the rate 
at which βC absorbance decays (470 nm) in the presence of increasing concentrations of the 
OM under evaluation. Although this method is widely used, it has been criticized for many 
different reasons. 
 
First, it has been argued that the βC reaction is not representative of the lipid oxidation in 
foods, where the fatty acids are mainly present as triglycerides 14, and whose crude extracts 
can contain interfering materials, and even other OM agents, potentially causing synergistic or 
antagonistic interactions, which have not been studied yet in depth 23. 
 
Second, βC is sensitive to oxygen and temperature even in the absence of linoleic acid 26,32. 
Moreover, in a lipid emulsion, the hydrophobic repulsion phenomena favor the capacity of 
apolar OM against the polar ones (polar paradox 4). 
 
Finally, the assay reproducibility can be low due to: a) the reagent complexity 24; b) the non-
specific conditions of heat induction 25, which has led to suggest the use of free radicals (e.g. 
AAPH or Fe2+) as initiators; c) the frequent use of a single reaction time, which does not 
guarantee the reliability of the results 4,17; d) the effects on the reaction of factors such as pH, 
solvent ratios and the presence of metals 12,17, which can be especially relevant in complex 
systems. 
 
Some of these criticisms are simply due to the impossibility of defining a universal method 
that would be suitable for any A in any system. Others are related to the lack of attention paid 
to the variables affecting the process. Finally, other problems derive from formal 
inadequacies. Often the convenience of simple assessment routines has taken priority over 
other considerations, despite the advisability of using mechanistic or empiric kinetic models 
as indicated by different authors 27. OM agents interfere with a process which is necessarily 
asymptotic and generally sigmoidal. In this context, one can look for conditions that hide this 
fact and make acceptable linear approximations based in activities measured at a single time; 
but even if such a case is possible, useful information is lost and a relevant characterization of 
the studied phenomenon cannot be claimed. In fact, it has been repeatedly pointed out that the 
use of simple quantification criteria (general linear responses) not only generates serious 
reproducibility problems, preventing meaningful comparisons 28,30,31,53,109 between the 




samples under evaluation, but also it makes the identification of the key critical points and the 
standardization of the assessment conditions difficult. 
 
Since all these issues have being well documented in the first part of the results section, we 
will accept that the oxidation and its modifier effects are only accurately described by 
sigmoidal profiles. Therefore, one should expect that the usual working conditions would not 
be necessarily coincident with those used when the implicit hypothesis is a linear process. The 
present revision of the critical points of the method, the proposed microplate assay and the use 
of a robust mathematical tool allow studying the response in detail, providing parameters 
whose factual meanings are able to characterize anti- and pro-oxidant activities in a 
consistent, practical, useful and reproducible way. 
 
The effects of some factors that modify the response (linoleic acid, A concentration, pH and 
temperature, among others) have induced in some cases to over-standardize the protocol, and 
in some others to overlook aspects that need to be standardized. These factors shall be revised 
in conditions that were selected with three purposes: to obtain well-defined kinetic profiles, to 
avoid excessive differences with regard to the conditions reported by other authors (see Table 
4) and to define a method able to analyze both anti- and pro-oxidant responses.  
 
         
Table 4: Main conditions commonly used in the C method. The ratios between reagent components 
(C: -carotene, LA: linoleic acid, Tw: Tween-40, R: reagent and S: sample) are established on the C 
basis, whose concentration is specified in the first column.  
                  
C  component relationships  
T (ºC) R:S (mL:mL) source 
g.mL–1  C LA Tw  
                  
12.00  1 150.00 333.3  50 50:2 Marco (1968) 74 
40.00  1 0.09 1000  50 5:0.2 Miller (1971) 75a 
4.00  1 0.11 1000  55 0.25:0.03 Dapkevicius et al., (1998) 27 
5.00  1 36.00 200  50 0.25:0.03 Mikami et al., (2009) 140 
6.67  1 0.11 1000  45 0.25:0.05 Present revision 
                  
(a) we have assumed that the original work contains a typo in the units which requires dividing by 1000 the 
concentrations of C and LA specified in that report. 
         
 
Although the revised factors will be independently considered, it should be kept in mind that 
the existence of interactions among them implies that, in practice, a given domain in one of 
them can restrict the viable domain of some other.  
 
1.2. Analysis of the main critical points  
 
1.2.1. Temperature effect 
 
Temperature affects the evaluation of the OM capacity, by enhancing the C bleaching rate 
(both in the presence and absence of linoleic acid), the solvent evaporation and the microplate 
thermal gradient, this last a usual problem is such devices 27. In fact, the working temperature 
is appropriate when it satisfies the following conditions: a) the oxidation profile of the control 
is sigmoidal with a well-defined asymptote, and its maximum slope enables the detection of 
lower (antioxidant) and higher (pro-oxidant) values in the same assay; b) C bleaching in the 
absence of linoleic acid, evaporation and thermal gradient are minimized in a reasonable 
reaction time (Figure 9 and Table 5). All these effects were examined by studying the time-
course of the control response at different temperatures (30, 35, 40, 45 and 50 ºC) and 
wavelengths (470, 900 and 975 nm), with the results that are summarized next. 
 








Figure 9: Factors affecting C bleaching in microplate assay. A: temperature effects (30: , 35: , 40: , 45:  and 50ºC: 
) on the bleaching kinetics in the presence (A1) and absence (A2) of linoleic acid, the evaporation (A3) and the thermal 
gradient in microplate (A4). B: pH effects on the parameters of the equation [22] in the absence of BHA (B1), and on the half-
life (B2), and the time-course of the response (B3) in the presence of different concentrations of BHA (0: , 0.5: , 1.0: , 
1.5: , 2.0: , 2.5: , 3.0: , 3.5: , 4.0: , 4.5:  and 5.0 μM: ). C: kinetics of C bleaching, at 45ºC and pH=6.5, 
in the presence of the same concentrations of BHA, according to the univariate (C1) and bivariate (C2) models [22] and [34]. 
Isoboles of the response surface from model [34] are also represented (C3), as well as the effects of BHA concentration on  
(C4), α (C5) and vm (C6) and correlation between observations and predictions (C7). In all cases, dots are the experimental 
results, and lines the corresponding fittings to the specified models. See also Table 5. 







          
Table 5: Parametric estimates and CI of the C bleaching kinetics as affected by: A) temperature, 
according to the Eq. [22]; B) pH, according to the Eq. [34] applied, at each pH value, to the series of 
BHA concentrations tested in C; C) BHA concentration, at T=45ºC and pH=6.5, according to the Eq. 
[22] and Eq. [34]. Not statistically significant parameters of the Eq. [34] were omitted. See also Figure 
9. 
          
          














A: temperature (ºC) 
               
30 0.940 ±0.01 181.61 ±0.91 0.86 ±0.03 -- 0.9983 
35 0.961 ±0.02 116.04 ±2.05 0.86 ±0.02 -- 0.9993 
40 0.945 ±0.01 73.66 ±6.83 2.03 ±0.04 -- 0.9992 
45 0.932 ±0.03 38.61 ±17.6 1.15 ±0.04 -- 0.9987 
50 0.930 ±0.02 12.05 ±5.01 1.22 ±0.06 -- 0.9977 
               
B: pH 
               
3.5 1.000 ±0.23 120.46 ±51.0 0.78 ±0.06 1.43 ±0.10 0.9682 
4.0 1.000 ±0.10 120.59 ±17.6 1.04 ±0.04 1.43 ±0.05 0.9885 
4.5 1.000 ±0.02 84.08 ±6.83 1.10 ±0.03 1.56 ±0.06 0.9918 
5.0 1.000 ±0.02 55.45 ±2.0 1.09 ±0.02 1.77 ±0.05 0.9958 
5.5 0.962 ±0.01 25.95 ±0.91 1.03 ±0.03 2.67 ±0.10 0.9942 
6.0 0.963 ±0.02 18.14 ±1.05 1.00 ±0.04 3.27 ±0.20 0.9863 
6.5 0.954 ±0.02 16.67 ±1.20 1.06 ±0.05 3.66 ±0.29 0.9779 
7.0 0.956 ±0.02 17.89 ±1.27 1.09 ±0.06 3.28 ±0.26 0.9778 
7.5 0.932 ±0.02 20.46 ±1.61 1.03 ±0.06 3.18 ±0.27 0.9714 
8.0 0.929 ±0.02 24.73 ±1.51 1.12 ±0.05 2.77 ±0.19 0.9765 
8.5 0.945 ±0.02 30.16 ±1.57 1.09 ±0.04 2.41 ±0.13 0.9819 
9.0 0.998 ±0.03 38.14 ±2.66 1.02 ±0.05 1.96 ±0.12 0.9784 
9.5 0.957 ±0.03 33.22 ±2.26 1.07 ±0.05 2.06 ±0.14 0.9749 
10.0 1.000 ±0.04 35.94 ±3.02 1.02 ±0.06 1.68 ±0.13 0.9711 
10.5 1.000 ±0.03 35.37 ±2.64 1.03 ±0.06 1.47 ±0.10 0.9771 
11.0 0.999 ±0.02 31.09 ±1.99 1.11 ±0.06 1.19 ±0.07 0.9747 
               
C: BHA (M) 
               










0.0 0.869 ±0.01 36.83 ±0.70 1.29 ±0.04 -- 0.9993 
0.5 0.908 ±0.01 63.56 ±0.71 1.37 ±0.03 -- 0.9993 
1.0 0.898 ±0.01 92.89 ±0.91 1.28 ±0.03 -- 0.9991 
1.5 0.923 ±0.02 122.27 ±1.67 1.15 ±0.03 -- 0.9981 
2.0 0.895 ±0.01 148.31 ±2.09 1.08 ±0.03 -- 0.9982 
2.5 0.885 ±0.03 180.38 ±3.03 1.04 ±0.03 -- 0.9981 
3.0 0.884 ±0.02 206.49 ±4.86 1.02 ±0.03 -- 0.9973 
3.5 0.880 ±0.03 233.90 ±5.13 1.04 ±0.03 -- 0.9979 
4.0 0.881 ±0.05 273.46 ±8.09 1.02 ±0.03 -- 0.9979 
4.5 0.879 ±0.09 283.22 ±5.77 1.02 ±0.02 -- 0.9986 
5.0 0.878 ±0.11 296.95 ±7.71 1.05 ±0.03 -- 0.9981 
         



















   
 





The bleaching rate was fast in the presence of linoleic acid, and slow in its absence, in both 
cases increasing with temperature (Figure 9 and Table 5, part A). Thus, the C bleaching 
includes the effect of temperature and O2, and that due to the radicals released by linoleic acid 
oxidation. Although it is not the usual practice, the first can be corrected by using the blank 
described in the methodological section.  
 
Evaporative effects in microplate readers, even during periods higher than 12 h, can be 
neglected by using transparent, oxygen-permeable films 138. In this case, it was not even 
necessary. The time-course of the evaporation at different temperatures was quantified 
through the liquid level (average of the 96 wells), in turn determined through the difference 
between the absorbencies at 975 and 900 nm (Figure 9A4). Although over 35ºC a significant 
volume is lost, the simultaneous variation in path length and concentration cancels this effect. 
Thus, evaporation is a troubling fact only if it causes precipitation of solutes or when the well 
volume drops to a level (120 µL) at which the meniscus corrupts the measure. 
 
Thermal gradient is a more problematic issue, as it is illustrated in Figure 9A5. Temperature 
distribution in our device was studied by a two-step process. First, using the average values of 
four central wells, we verified the linear increase of the  parameter from Eq. [22] with 
temperature, within the range 30-50ºC (see Table 6 for the parametric estimations), both in 
the presence and absence of linoleic acid. Second, using this linear relationship, the values of 
 provided in the absence of linoleic acid, in each of 96 wells, enabled to calculate the 
corresponding temperatures. The thermal gradient thus revealed allows to conclude that: 1) a 
temperature of 45ºC, close to values used by other authors, was a less risky condition (see 
Figure 9A5; 2) the gradient cannot be detected at ~32 ºC, and over 55ºC is very strong, 
disabling the possibility of an accurate analysis; 3) at 45ºC, the first 3 columns on the left and 
the 2 bottom rows of the microplate should be excluded.  
 
      
Table 6: Kinetic analysis of the spontaneous oxidation of βC (without the addition of linoleic acid) by 
the effect produced at different temperatures (30: , 35: , 40: , 45:  and 50ºC: , see Figure 9 
A1-5), being the dots, the obtained data, and the lines, the fits obtained to a straight line (R=b+mt, in 
which t is the time in min, m is the slope, b the intercept and R is the measure response of the reaction). 
      
      
PARAMETERS 
TEMPERATURE (ºC) 
     
     
50 45 40 35 30 
_______________________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ 
      
m 0.0015 ±0.0003 0.0010 ±0.0002 0.00067 ±0.0001 0.00043 ±0.0001 0.000059 ±0.0001 
      
b 0.0013 ±0.006 0.0023 ±0.004 0.0013 ±0.0001 0.0017 ±0.0002 0.0027 ±0.0001 
      
_______________________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ _________________________________________________________________ 
      
R2adj 0.9996 0.9975 0.9985 0.9976 0.9851 
      
      
 
Both the original method described by Marco et al., (1968) 74 and its adaptation to microplate 
by Micheletti et al., (2006) operate between 50-55ºC. Our results, however, showed that, 
although Eq. [22] or Eq. [34] provided always statistically significant descriptions, lower 
temperatures enabled better fittings in terms of correlation between observations and 
predictions, and CI of parametric estimates. We selected a temperature of 45ºC because: a) it 
significantly reduces the spontaneous oxidation of C; b) it leads to better discrimination 
between different levels of A; c) it is significantly more sensitive to P effects. In fact, these 
effects cannot be accurately detected at 50ºC (see Figure 9) and their determination would 
improve even at 40ºC; d) it significantly reduces the temperature gradients; e) although it 
extends the analytical time, it is no problematic from the point of view of any collateral effect. 
 




Lower temperatures produce even statistically better results, but extend unnecessarily the 
analysis time. Higher temperatures reduce this time, but tend to infringe the conditions a) and 
b) above established and they move the reaction conditions away from those in which 
antioxidants have a practical interest. This does not seem important when the evaluation is 
based on measures at a single time; but in such a case, the characterization loses just what 
characterizes the assessed phenomenon, that is, the key factual meanings of the parameters  
and α. The comparison of the cases depicted in Figure 10 and Figure 11 makes evident the 
difficulties that an operation at a single time would have to translate these results into useful 




A common –but questionable– practice is to use the values obtained at a single time, both in 
the sample under evaluation and a calibration A, assuming too many aspects as true. Such a 
practice is hardly justifiable today, given the availability of computational applications and 
microplate readers, whose combination provides an adequate tool to work with different 
variables in non-linear models. In our opinion, any criterion that does not take into account 
the kinetics of the process can be considered as a poor simplification which produces an 
incorrect result, and can lead to serious misinterpretations when one works with natural 
extracts containing complex mixtures of anti- and pro-oxidants. 
 
The time-dependent response in the CA is inherently sigmoidal, and it represents its most 
important factor. The reduction of the study at one single time and expect to find linear forms 
often lead to unreliable values hiding the real aspects of the response. Next we will examine 
in detail the kinetic aspects of the C bleaching reaction, by combining the use of the equation 
[34] with a high amount of data with low experimental error. As a reference, the case of BHA 
will be discussed at first. 
 
The individual fitting to the Eq. [22] (Figure 9C1) of the kinetic profiles obtained in the 
presence of BHA showed that the A determines: a) an increase of the half-life () following a 
linear relation (=54.58BHA+39.73; R2adj=0.993); b) a slight variation of α that reaches a 
stable minimum from 2.0 M BHA, in anyway scarcely relevant. The simultaneous fitting 
(Figure 9C2) of all profiles to the bivariate equation [34] confirmed the linear effect on , and 
the lack of statistical significance for α variation. Although this last model showed deviations 
in some profiles (compare Figure 9C1 with C2), it is preferable because it treats the system as 
a whole, enabling to verify the statistical consistence of all the sides involved in the resulting 
characterization. The asymptotic drop of vm was consistently described by both approaches 
(dots and lines for uni- and bi-variate models, respectively, in Figure 9C4, C5 and C6). 
 
Moreover, the isoboles (projections on the plane A-t of the lines of equal response) of the 
surface from equation [34] formed a straight beam converging at one point (Figure 9C3). In 
other words: the relationship between BHA concentration and time required to achieve a 
given response was linear, with the same intercept at any response level. This allows the A to 
be characterized by a nomogram, what facilitates predicting its effects. Since α does not vary 
with BHT concentration, and  varies linearly, the mean value of the half-life concentration 
ratio (55.81±1.25 minM–1 in this case) can provide a specific half-life extension as 
characterizing index. Unfortunately, this behavior cannot be generalized to all types of 
antioxidants, as it will be shown later. 
 
This determination was repeated applying the Marco’s method 74 according to Miller’s 
protocol 75, with five BHA levels within the same domain [0-(1)-5 M], in tubes at 50ºC and 
measures at ten times. The kinetic of the control was indistinguishable from that obtained in 




microplate at the same temperature (Figure 9A1), and the linear correlation coefficient 
(R2adj=0.992) between the results calculated by using the respective controls proved the 
equivalence of both methods. As expected, absolute values of the response were higher at 
50ºC, and reproduced the linear effect of BHA on  and the absence of effect on α. 
 
1.2.3. The pH effect 
 
The criterion of omitting buffers 75 is not shared by other authors 74, who found that initial pH 
affects the progress of the oxidation. In our case, the effect of pH was studied in buffered 
solutions (83 mM Briton in the reaction mixture; pH=3.5-(0.5)-11.0), at different BHA 
concentrations 0-(0.5)-5 M, in the presence and absence of linoleic acid. Within this range, 
pH did not determine hipso- or batho-chromic shifts in the absorption spectrum of C, and the 
maximum effect on the absorbance at 470 nm was less than 5%. 
 
At 45ºC, in the absence of BHA, the time required to achieve a given degree of bleaching was 
very high at low pH (3.0-4.0), falling sharply in the 4.0-5.5 pH range, remaining basically 
constant between 5.5 and 7.5 and increasing slowly within 7.5-11.0. Therefore, the 5.5-7.5 
range seems the best option for providing a stable discriminating capacity at reasonable times. 
In the presence of BHA, the fitting of the bleaching kinetics to the model [34] showed that the 
pH modifies the value of  (α remains constant) without altering its linear dependence on 
BHA concentration. These results (Figure 9B and Table 5 part B) confirmed the adequacy of 
the range 5.5-7.5 and led to select the value 6.5 as pH of the routine assays. 
 
As Table 5 shows, all the experimental data were satisfactorily modeled either by equations 
[22] or [34], with a good predictive capacity (adjusted coefficient of multiple determination), 
statistical consistence (Fisher´s test), adequate parametric sensitivity, narrow parametric CI 
(Student’s test), unbiased residuals and accuracy and bias factors close to 1. 
 
1.2.4. The use of initiators 
 
The suggestion to use free radicals as initiators is an unnecessary complication. Indeed, the 
reaction proceeds smoothly regardless of oxygen saturation and moderate differences in the 
initial conditions (minimized by the described reagent preparation) are irrelevant when a 
calibration set is used, and the proposed kinetic modeling is applied. Including a lipophilic 
initiator (like Fe2+) would lead to a new problem, since the inclusion of a P in the system 
would require a more complex mathematical model.  
 
1.2.5. The size of the micelles formed 
 
It has been reported that the size of the micelles could be one of the factors responsible for 
differences in the initial conditions 27. However, reagents recovered at the time of use by 
means of a vortex or ultrasonic bath for 30 s did not show statistically significant differences 
in the evaluation of the same series of antioxidants. 
 
1.2.6. Dissolved oxygen 
 
Although the original method used oxygen saturated solutions, other authors 25 quantified the 
proportion of radicals by measuring the absorbance at 270 nm and concluded that this 
condition was unnecessary. Our results confirmed this observation and showed that the initial 
oxygen saturation did not produce significant differences in the time-course of the C 
bleaching process. Consequently, the saturation step may be omitted. 
 




1.2.7. Synergistic or antagonistic interactions 
 
In no purified samples, the presence of interfering materials, able to produce synergistic or 
antagonistic effects 32 is a realistic assumption. However, this type of problem is not specific 
to the method because it would not be acceptable that the high specificity prevents the 
detection of the simultaneous effect of two antioxidants (or one A and one P) in a complex 
extract. 
 
It is necessary in this context to distinguish between two different situations. When a crude 
extract of an antioxidant A contains an interfering material I (inhibitor, enhancer, P, another 
A) whose nature or concentration are not well-known, it is obvious that the evaluation, 
regardless of the method applied, translates the interaction without the possibility of making 
concrete attributions, since A and I are perfectly covariant in the dilutions to be tested. 
However, when we know the nature of I, and its concentration can be varied independently of 
A, either Eq. [22] or Eq. [34] provides useful tools to discriminate and quantify both effects, 
because the interference will modify the parameters of these models in a regular pattern (as 
suggested by preliminary results obtained in our laboratory about synergistic and antagonistic 
actions). 
 
1.2.8. Solubility and polarity 
 
When the sample is slightly hydrosoluble, it is necessary to use other solvents, commonly 
ethanol, methanol, acetone or 1,4-dioxane. Reported differences 23 of  ~10% in the response 
of C due to the solvent effect requires equalized proportions in samples, blanks, calibration 
and control wells (as in any spectrophotometric assay). A different problem concerns the 
aforementioned “polar paradox” 27: since the hydrophobic repulsion tends to concentrate non-
polar antioxidants in the lipid environment, where the oxidation process takes place, the 
apparent capacity is higher than that obtained with polar antioxidants. However, this effect 
cannot be considered artifactual, since it explains an objective advantage of the lipophilic 
antioxidants when the oxidized substrate is lipidic. In fact, when C (lipophilic substrate) was 
substituted by Cr (hydrophilic substrate) in a reagent prepared with increasing concentrations 
of linoleic acid (180-500 g mL–1 in the final mixture), the complementary “non-polar 
paradox” was produced: lipid radicals remained in the micellar zone and Cr bleaching did not 
occur. 
 
Therefore, selecting an A to apply to a specific material (e.g. food) should not be based on an 
abstract or universal AC, but on the one resulting from all the effects that are combined in that 
material. From this perspective, the possibility of a universal method to evaluate OM 
activities seems unrealistic and even unhelpful, since real cases involve at least the 
combination of two binary criteria: the hydrophilic or lipophilic character of the oxidizable 
substrate, and the involvement of radicals or hydrogen atoms in the transfer process. 
 





A common criticism of the C method is the lack of reproducibility due to the complexity and 
instability of the reagent. Some authors 123 store a stock solution of C and Tween in 
chloroform at –16ºC, and add linoleic acid at the time of use. Under these conditions the stock 
solution becomes concentrated by evaporation and significantly bleached in 40 h. The daily 
preparation of the reagent corrects this problem, but causes variations in the initial conditions 




24. The procedure described next will provide enough reagents for testing 2,400 samples and 
should be stable at least for one week, without significant changes in the initial conditions. 
 
β-carotene (4 mg), linoleic acid (0.5 mL) and Tween-40 (4 g) were mixed in 20 mL of 
chloroform in a round-bottomed flask, with vigorous shaking of the suspension. The 
chloroform was evaporated in a rotary evaporator at a temperature lower than 50ºC in a short 
period of time to avoid the beginning of the lipid oxidation process as much as possible. 
Inefficient chloroform evaporation leads to high turbidity values that cause confusing results. 
The oily residue was distributed in aliquots of 1 mL in 30 mL tubes, which were preserved in 
the dark at –18ºC under nitrogen. A single tube provides sufficient reagent to fill a microplate 
(120 wells), which is obtained by adding 30 mL of 100 mM Briton buffer, pH=6.5 in pre-
heated milli-Q water at the assay temperature (45ºC). The absorbance at 470 nm of the 
reagent thus prepared is ~1.4, a value that remains stable for a week. Incidental higher values 




The procedure was performed in a 96 well microplate with flat bottom wells (well capacity: 
330 L) by combining 50 µL of the sample to be tested and 250 µL of reagent. The reader 
device was programmed to 45°C with agitation (660 sections per min and 2 mm amplitude). 
In addition to the sample under evaluation, the microplate must contain: 
 
a. A series (calibration) in which the sample is replaced by a reference OM in the selected 
solvent (water:ethanol 9:1) at increasing concentrations. 
b. Two or three wells (control) in which the sample is replaced by solvent. 
c. If the effect of βC bleaching in the absence of linoleic acid should be taken into account, 
two or three wells (blank) in which linoleic acid and sample are replaced by solvent. 
d. If sample or calibration A absorb at 470 nm, an additional series (correction) in which the 
reagent is replaced by solvent should be included. 
 
1.3.1.3. The analytical time 
 
The analytical time is a non-trivial aspect. Short analysis times (~50 min) prevent the kinetic 
definition of the process, whereas longer times (~500 min) enhance the effect of factors as 
solvent evaporation and thermal discoloration of C. When the microplate reader was 
configured to measure the absorbance at intervals of 3, 5 and 10 min (initiation, propagation 
and asymptotic phase) for 200 min, highly consistent a reproducible data sets were 
systematically obtained. 
 
On the other hand, as we will see later on, the theoretical limit of the half-life extension 
promoted by an antioxidant is +, but the limit of half-life contraction promoted by a P is 
zero. Therefore, a progressive packing of the kinetic profiles takes place in this last case, what 
can difficult accurate evaluations. Conditions that allow to a control half-life of ~35 min were 
found as optimal for analyzing both anti- and pro-oxidants. If an especially efficient P 
determination is necessary, a simple way to achieve it consist of increasing the half-life of the 
control by reducing the temperature of the assay (at 35ºC, the half-life is ~115 min). 











Figure 10: Effects of the specified antioxidants (ranges in Table 7) on C bleaching reaction. A: experimental results (dots) 
and fittings (lines) to the univariate model Eq. [22]; B: experimental results (dots) and fittings (grid line) to the dose-time-
dependent Eq. [34]; C: Parametric variations as a function of the antioxidant concentration, obtained from the Eq. [22] (dots) 
and Eq.[34] (lines); D: correlations between observations and predictions, and isobolograms. In all cases a control series 
() and ten dilutions of the maximum concentration were tested (: 1/10, : 2/10, : 3/10, : 4/10, : 5/10, : 6/10, 
: 7/10, : 8/10, : 9/10, : 10/10). See also Table 7. 





1.4. Application to quantify and characterize anti- and pro-oxidant agents 
 
The time-course of the reaction was studied at the condition previously discussed, using five 
common antioxidants (BHA, BHT, ETX, PG and TOC), several metals (Cu2+, Fe2+, Fe3+, 
Cd2+, Ni2+, Sr2+, Mg2+, Zn2+, Mn2+) and hemoglobin. These last were selected because they 
can be present, either as constituents or contaminants, in crude biological extracts, and metals 
as traces in buffer salts (Tatiana 2011; Colakoglu 2007). 
 
As a first general result, none of the tested compounds promoted, in the absence of linoleic 
acid, bleaching kinetics significantly different from the control. This suggests that in all the 
cases the capacity (anti- or pro-oxidant) was not related to C bleaching, but to the radical 
production by the fatty acid.  
 
Beyond quantitative differences (Figure 10 and Table 7), BHT and PG behaved like BHA 
(increase of  and not statistically significant or irrelevant variation of α). The much stronger 
effects of ETX and TOC were more complex as well, the first promoting an increase of α, and 
the second a slight decrease. Increase of α can be explained, as it was said, in terms of a delay 
of the propagation phase due to a strong affinity of the A by oxygen or radicals, the opposite 
effect having a complementary explanation. 
 
Equally consistent results (with the already specified statistical criteria) were obtained when 
the Eq. [22] and Eq. [34] were applied to the description of P activities (Figure 11 and Table 
7). In all the cases the decrease of  was asymptotic, a behavior which probably can be 
generalized to any P. Indeed, while the theoretical limit of the  increase is +, that of its 
decrease is zero (instead –), what causes a progressive packing over the kinetic profile of the 
control. This is, otherwise, the reason by which a convenient methodological unity for anti- 
and pro-oxidants makes advisable temperatures avoiding excessively high profiles (high 
oxidation rates) in the control. The parameter α showed an asymptotic decrease in Fe2+ and 
Fe3+ (in this last case irrelevant, although statistically significant) and remained constant in 
Cu2+ and hemoglobin. 
 
The high P activities of hemoglobin and Fe2+ confirmed the need of the precautions to be 
taken with crude biological extracts and buffers, and induced to evaluate other metals 
potentially present as contaminants in these cases. Activity was P in Co2+, null in Cd2+, Ni2+ 
and Sr2+, slightly antioxidant in Mg2+ and clearly antioxidant in Zn2+ and Mn2+. 
 
The fitting of results was always satisfactory. The mathematical equations were robust and 
consistent (p-values < 0.001 from Fisher’s F test), the residuals were randomly distributed and 
autocorrelations were not observed by Durbin-Watson test (data not shown).  
 
The statistical analysis, parameter assessment tools and model prediction uncertainties 
provided by the ‘SolverStat’ macro agreed accordingly. Furthermore, all the adjusted 
coefficients of multiple determinations between predicted and observed values were always 
R2adj > 0.95, with a wide majority of the fittings superior at 0.99. Bias and accuracy factors (Bf 
and Af) also indicated the lack of bias and high accuracy of equations used to describe 
experimental effects of OM agents (data not shown). 
 














Figure 11: Effects of the specified pro-oxidants (ranges in Table 7) on C bleaching reaction.  Parametric variations as a 
function of the antioxidant concentration, obtained from the Eq. [22] (dots) and Eq.[34] (lines); D: correlations between 
observations and predictions, and isobolograms. In all cases a control series () and ten dilutions of the maximum 
concentration were tested (: 1/10, : 2/10, : 3/10, : 4/10, : 5/10, : 6/10, : 7/10, : 8/10, : 9/10, : 10/10).  










                
Table 7: Parametric estimates and CI of the C bleaching kinetics as affected by the specified anti- and pro-oxidant agents, according to the bivariate Eq. [34]. 
See also Figure 10 and Figure 11. 
                
                
agent range (M) K  α m n ma na R
2
adj 
                 
                 
antioxidants (see Figure 10) 
                 
BHT  0-(3)-30 0.86 ±0.01 35.50 ±1.12 1.38 ±0.08 0.222 ±0.015 0.003 ±0.002 0.324 ±0.144 0.182 ±0.089 0.9949 
ETX  0-(0.0004)-0.004 0.84 ±0.01 28.45 ±0.28 1.20 ±0.02 1112.7 ±36.60 --  1194.5 ±241.6 225.3 ±77.82 0.9967 
PG  0-(8)-80 0.86 ±0.01 29.95 ±1.48 1.14 ±0.05 0.126 ±0.013 0.020 ±0.003 --  0.003 ±0.001 0.9906 
TOC 0-(0.004)-0.04 0.86 ±0.01 31.05 ±0.69 1.33 ±0.04 60.90 ±2.324 --  --  18.19 ±1.976 0.9966 
                 
pro-oxidants (see Figure 11) 
                 
Cu2+  0-(24)-240 0.92 ±0.01 32.87 ±0.37 1.05 ±0.00 0.012 ±0.001 0.037 ±0.002 --  --  0.9993 
Fe2+  0-(1.5)-15 0.84 ±0.01 37.16 ±0.92 1.55 ±0.07 --  1.106 ±0.054 0.565 ±0.113 1.629 ±0.312 0.9940 
Fe3+ 0-(60)-600 0.92 ±0.01 31.25 ±0.38 1.04 ±0.01 0.004 ±0.001 0.014 ±0.001 --  --  0.9975 
Hb  0-(2)-20 0.87 ±0.01 30.14 ±0.63 0.96 ±0.02 --  1.099 ±0.036 --  --  0.9960 
                 
 
 




Finally, as described, a meaningful way to compare OM activities consists of plotting the 
specific variation of the half-life (H), given by the expression [33], as a function of the agent 
concentration. This can provide fixed values, as concentration that doubles the half-life 
(antioxidants) or reduces it by half (pro-oxidants), and, more interestingly when H is a non-





Figure 12: Anti- and pro-oxidant responses. Bottom: specific half-life extensions (antioxidants) and reductions (pro-oxidants) 
of the agents considered in Figure 10 and Figure 11. Note concentration scales on lines. 





2. Crocin bleaching antioxidant assay revisited: Application to microplate to 
analyze antioxidant and pro-oxidant activities. 
 
The crocin bleaching assay (CBA) is a common method for evaluating the AC of 
hydrosoluble samples. It is criticized due to its low reproducibility, problematic quantification 
of results, differences in reagent preparation, doubtful need for a preheating phase and 
sensitivity to factors such as temperature, pH, solvents and metals. Here, the critical points of 
the method were extensively revised, and a highly reproducible procedure for microplate 
readers redeveloped. The problems of using quantification procedures, disregarding kinetic 
considerations, are discussed in detail and the kinetic model previously developed is applied 
for quantifying simultaneously anti- and pro-oxidant activities as function of concentration 
and time. Thus, the combined use of a reproducible procedure and robust mathematical 
modeling produced consistent and meaningful criteria for comparative characterization of any 
oxidation modifier, taking into account the dose-time-dependent behavior. The method was 
verified by characterizing several commercial A and P using the parametric values of the 
proposed models.  
 
2.1. Current situation of the crocin bleaching assay 
 
The CBA is a common method proposed by Bors et al. (1984) uses Cr as the substrate and 
AAPH (2,2'-Azobis(2-amidinopropane) dihydrochloride: R-N=N-R) as a source of free 
radicals. The A to be tested competes with Cr, and the bleaching rate of Cr is measured at 450 
nm. Without discussing the implications of AAPH radicals on the oxidation process in food or 
biological systems, this assay can be classified among those that interfere with the transfer of 
one hydrogen atom (HAT assays). It is suitable for aqueous systems, producing very 
consistent results, and the original method has been modified several times to simplifying the 
protocol 77, transferring it to microplate assay 78, applied for lipophilic environments using 
AMVN (2,2'-azobis-2,4-dimthylvaleronitrile) as a source of radicals, and adapted to the 
measure of P activities 79. Although such revisions have extended the scope of this assay, 
several problems remain. Differences in the preparation (Table 8), proportions and 
conservation of reagents, the need or not to incorporate a preheating phase and potential 
interference caused by metals in the samples as well as pH and temperature effects have 
hindered comparison of results.  
 
         
Table 8: Work conditions and usual quantification approaches in the CBA. 









M : M–1.cm–1  (nm)  
                  
12 133,000 443 5 40 10 mM P c 7 A1 Tubaro, Micossi & Ursini (1996) 
77 
10 133,000 443 12.5 40 100 mM P c 7 A1 Tubaro, Micossi & Ursini (1996) 77 
- 89,900 450 1 37 b 10 mM P 7.4 A2 Lussignoli et. al. (1999) 78 
25 89,900 450 5 37 b 10 mM PBS 7.4 A2 Chatterjee et. al. (2005) 35 
10 133,000 440 25 40 10 mM PBS 7 A1 Ordoudi & Tsimidou (2006) 54 
100 15,117 a 450 7.68 37 100 mM Briton 5.5 Eq. [22] and [34] This work 
                  
(a) Sigma-17304; (b) preheated at 37 ºC, 5-20 minutes; (c) in water:ethanol (9:1); the rest in water. 
         
 
In addition, results are generally assessed at a single time point, and often reactions are 
assumed to be linear, resulting potentially in loss of information and increasing the risk of 
erroneous conclusions. Procedures differed essentially with regard to kinetics, which are 
inherently sigmoidal. Although it has been well recognized that those measures at low 
reaction times (<10 min) not always lead to appropriate characterizations 10,138, they are the 
usual non-kinetic approaches that we summarize next: 





A1. It is accepted that the CBA acts in the form of reaction 1 to 5 in the following sequence 
76: 
 
1. R-N=N-R  2R + N2 
2. R + O2  ROO 
3. CrH + ROO  Cr + ROOH 
4. AH + ROO  A + ROOH 
5. CrH + A  Cr + AH 
 
in which antioxidant (AH) competes with crocin (CrH) for the peroxyls (ROO) formed in the 
reaction with oxygen of the decomposition products of AAPH. As a result of this analysis 141, 







k Cr k A






   [35] 
 
where v and v0 are the bleaching rates of crocin (Cr) in the presence and absence of A, and kC 
and kA the rate constants of the reactions of the radicals with Cr and A. As the crocin 
concentration remains constant, and the rate constants ratio can be simplified to a new 






   [36] 
 
in which k is the characterizing parameter and v the bleaching rate of crocin, calculated from 
the difference between initial (a0) and final (at) absorbency at a time (t) within 1-10 min: 
 
 0 tv a a t   [37] 
 
The restriction of the analysis to the initial rate interval neglects the time-course of the 
oxidation which however, is important for the characterization of the process. Therefore, this 
method, despite its kinetic analysis, is considered as a non-kinetic approach. 
 
A2. Another common method is based on the inhibition of oxidation as a percentage or 
relative antioxidant activity (I), defined as 54: 
 
 100s o oI a a a   [38] 
 
where as and a0 are the absorbance of sample and reaction mixture when the sample is 
replaced by solvent, respectively, both at a fixed reaction time. Additionally, some authors 35 
determine I in the presence of increasing concentrations of sample and estimate the 
concentration required for I=50% (IC50). Usually, the calculation is applied within the interval 
of 5-20 min, and IC50 is computed by linear interpolation, without any model describing I as a 
function of A. 
 
Often, due to the uncertainty of results, the methods A1 and A2 are simultaneously used 142. 
 
2.2. Kinetic behavior of the crocin reaction 
 




The oxidant action implies interfering in an autocatalytic process in which no less than four 
chemical species are present (oxygen, oxidizable substrate, antioxidants and oxidation 
products), reactions of first and second order can take place and interactions can occur at 
several levels of the sequence.  
 
The time-dependent response of the CBA is inherently sigmoidal. A confined study of dose-
response at one single-time with expectation to find linear forms (as described by the non-
kinetic approaches A1 and A2) often leads to unreliable results and misinterpretations of the 
effects of response modifying factors (AAPH and A concentrations, pH, temperature). Today, 
the preference for apparently, simple and routinely applicable assays with minimal calculation 
requirements, is not very justifiable, given the availability of computational applications and 
microplate readers. Their combination provides adequate tools to work with data sets that 
allow accurate evaluations, enabled by non-linear modeling. 
 
If we assume that Eq. [22] describes appropriately the oxidation process –in accordance with 
experimental results–, Eq. [34] can be used, to simulate time-concentration-dependent 
responses to test the suitability of the one-single time methods (non-kinetic approaches A1 
and A2) to quantify the responses of the CBA. In Figure 13, an illustrative set of simulations 
(A, B, C and D) is presented, being in all cases the asymptote K=1 and all others parameters 
varying as described below: 
 
  m n   m n 
A 20 0.1 0  1.0 0 0 
B 20 0.1 0  1.4 0 0 
C 20 0.1 0.01  1.0 0 0 
D 20 0.1 0  1.4 0.01 0 
 
In general, it was found that for both non-kinetic approaches (A1 and A2), unsatisfactory 
solutions, which are described next: 
 
a) For the quantification approach A1, any single-time procedure at any time is only linear in 
case A, in which the time-dependent response is a first order ( has to be constant and 
equal to 1) and the dose-dependent response variation of the specific half-life extension 
coefficient () has to be linear (n=0). In any other case, the dose-response will be a non-
linear relationship. In Figure 13, case A shows the specific circumstance, in which the 
dose-response is linear. For cases B, C and D, the responses will always be non-linear, 
with different degrees, independently of the time selected. In some cases, a concentration-
range exists at one given time, in which the result may appear linear, but it is not. 
Focusing on the response produced at the earliest stage (as it is indicated for CBA, 1-10 
minutes) hides statistically more often the non-linear relationship, which assisted by the 
experimental error, produces less reproducible results.  
 
b) On the other hand, for the quantification solution A2, the IC50 value, computed as 
described by procedure A2, exhibits an asymptotic variation, typically sigmoidal, as 
function of the analytical time. A2 assumes that the calculated IC50 value is time-
independent, as it can be seen in all four cases presented in Figure 13. When computing 
the capacity of an A using criterion A2, the results will be highly dependent on the time of 
application.  
 
From the point of practical application – for example, in the food industry- the exclusive 
focus on finding the most linear solution or simple responses is not helpful for improving the 
translation of the results found in laboratory assays.  








Figure 13: Simulation of the 
crocin bleaching kinetics, using 
the Eq. [34] with the four 
parametric combinations 
specified (A, B, C and D).  
 
For each case, five sub-figures 
are presented in which the 
following items are shown: 
 
1) the simulated dose-time 
dependent response of crocin 
oxidation using Eq. [34];  
 
2) effect of antioxidant 
concentration on the 
parameters  and  of  Eq. 
[34];  
 
3) reaction rate (v) as a 
function of time for each 
antioxidant level;  
 
4) relationship between V0/V 
and [A]/[Cr] ratios (supposed 
linear by A1 criterion) at 
different times along the range 
1-200 min.; and  
 
5) time dependency of the 
IC50% value (supposed constant 
by criterion A2). Note the 
problems associated with the 
acceptation of a linear 
hypothesis and the use of a 
single time for quantification 
purposes. 




In the CBA, as in many other methods, to quantify the AC, authors have selected the 
conditions which hide the sigmoidal character of the oxidation kinetics (Table 8) and selected 
commercial antioxidants that generate similar results to the linear specific response (=cte=1 
and =linear; using commercial antioxidants of TRO or PG as we will see later on). 
Furthermore, instead of comparing dose-responses between each other, the common practice 
is to use the dose-response of one commercial A as a calibration curve to compute the 
equivalent AC of a sample which is only tested at one single-time-dose, assuming too many 
aspects as true. 
 
In our opinion, any criterion that avoids a kinetic focus is a misleading simplification. We are 
aware that Eq. [22] and Eq. [34] are slightly more complex than a linear one, but it is also 
much less deceiving. Because, it produces characterizing values of practical interest with high 
reproducibility, but also enables the inclusion, if necessary, of environmental variables that 
modify the process, as well as the inference of mechanistic details that can be verified by 
other methods. In the following, we will focus on the standardization of the assay, before 
applying the kinetic approach to the behavior of the crocin reaction, when affected by 
temperature, pH and a set of OM. 
 
2.3. Analysis of the preparation of the main reagents and critical factors that affect the 
quantification of the response 
 
2.3.1. Preparation of the main reagents 
 
2.3.1.1. Crocin solution 
 
The problems associated with the reagent preparation have been extensively described by 
several authors 54. Although the purification of Cr is no longer a difficulty, because the 
product is commercially available, its conservation state must be checked by verifying that the 
absorbance at 450 nm of the final reagent with 100 µM Cr is 1.40. Minor inaccuracies are 
not important when the results are analyzed by using kinetic models. 
 
2.3.1.2. AAPH solution 
 
The issues concerning AAPH are less assessed. Its role is to provide radicals at a constant 
specific rate but, is highly dependent on the amount used and the assay conditions such as pH 
and T, which will be analyzed and discussed later on. Regarding the reagent preparation, the 
main aspect is related to preheating or not, and with storing (as stock solution) or not the 
AAPH solution: 
 
- The preheating treatment of AAPH solution: is a controversial matter that, according to 
some authors, reduces variability and economizes the reagent 35,78, while others described 
it as an inappropriate measure 54. Our results suggest that preheating is always inadvisable 
because: 1) it generates an initial high radical concentration that finishes the reaction in a 
few minutes and only contributes to the appearance of linear kinetics, hiding the part of 
the profile that provides the characterizing information; 2) the obtained results are 
redundant with those provided by other methods such as ABTS or DPPH; 3) incomplete 
thermal degradations can produce biphasic curves of problematic interpretation; 4) by 
avoiding the preheating treatment, the radical breaks down at a constant rate, which 
reproduces more appropriately the real conditions. 
 
- Stock solution: some authors 54 propose to store AAPH solutions at 4ºC however, the error 
associated with the fresh preparation is lower than that produced due to the degradation of 




AAPH in a stock solution, even in short time responses. When AAPH is stored, biphasic 
curves are frequently observed, with a fast initial bleaching phase as a consequence of the 
high level of radicals accumulated during the storage. 
 
Thus, our recommendation is to prepare AAPH and Cr solutions freshly each time, and 
combine them just before use, avoiding preheating and any other oxidation instances before 
starting the assay. 
 
2.3.2. Critical factors that affect the quantification of the response 
 
In this work, we have carefully selected those conditions that do not interfere with the 
response and therefore do not vary excessively with those previously reported by other 
authors (see Table 8) enabling a more complete and realistic analysis. In consequence, the 
method itself is revisited and some of the critical factors are analyzed.  
 
The apparently simple assays, routinely applied, with minimal calculation requirements can 
misunderstand the effect of some factors that modify the response (such as AAPH and A 
concentration, pH, T, among others), leading to over-standardization of the protocol in some 
cases, or to overlooking those aspects that need to be standardized in other situations 10,23,143. 
Next, we will revise some of these factors independently, taking into account the kinetic 
behavior. The proposed model will be used and applied as: univariate (the time as the only 
dependent variable, parametric results in Table 9) and bivariate (the effect of time and the 
factor combined as dependent variables, parametric and graphic results in Table 10 and Figure 
14).  
 
2.3.2.1. AAPH effect as an example of a pro-oxidant action 
 
Crocin and AAPH concentrations are the most controversial aspects of the CBA procedures 
summarized in Table 8. The first aspect can be attributed to the differences in purity of the 
reagent (note the respective molar extinction coefficients). The second one seems to be 
connected to the need of adapting the kinetic profile to the quantification method applied. 
With the aim of determining the effect of AAPH concentration, the assay (100 µM Cr; 37ºC; 
pH=5.5) was performed in the presence of 12 concentrations of this reagent within a 0-20 mM 
interval. 
 
The results represent an example which can be related to the case of a P (Figure 14, plot A), 
in which Cr oxidation was described with notable precision by the model proposed, in both 
univariate and bivariate form. The individual fittings of Eq.[22] to the values obtained at each 
AAPH concentration (Table 9, part A), showed that AAPH causes a non-linear decrease of 
the half-life () and a linear increase of . The application of the bivariate Eq.[34] to the 
simultaneous fitting of all the kinetic profiles (Table 10, part A and Figure 14, plot A) 
confirmed the conclusions drawn from Eq.[22], with equally high statistical significance. 
 





Figure 14: Evaluation of the different critical 
points on the CBA. Numerical results in Table 9 
and Table 10. For all cases Experimental results 
are points and fittings to the corresponding 
models are lines: 
 
A: Kinetic effect of AAPH. A1: Simultaneous 
fittings of Eq. [34] (lines) to increasing 
concentrations of (0-20 mM) at 37ºC. A2: 
variation of parameter  according to the 
individual fittings to Eq.[22] (points) and 
simultaneous fittings to Eq. [34] (lines).  
 
B: Kinetic effect of temperature. B1: Fittings of 
model [9] (lines) in absence and presence of 
AAPH (7.6 mM) at five different temperatures 
(: 32, : 37, : 40, : 45 and 50ºC). B2: 
estimates of V obtained from individual fittings 
to the Eq. [24] (points) and its simultaneous 
description by Eq. [40] (lines).  
 
C: Kinetic effect of pH on the bleaching rate in 
the crocin-AAPH system (37ºC, 7.68 mM 
AAPH). C1: kinetic results (points) fitted to the 
equation [10] (lines). C2: V  obtained from 
individual fittings to the Eq. [24] (points) and its 
simultaneous description by Eq. [41] (lines). 
 
D: Effect of antioxidant concentration on the 
bleaching of crocin-AAPH system (37ºC, 7.68 
mM AAPH, pH=5.5) using TRO (0-(0.5)-4 μM) in 
the reaction mixture as example. D1: kinetic 
results (points) jointly fitted to the Eq. [34] 
(surface). D2:  variation of parameter  
according to the individual fittings [22] (points) 
and simultaneous fittings to the Eq. [34] (lines). 




 Since the AAPH concentration affects strongly the Cr oxidation, it is important to decide its 
adequate value, taking into account two basic considerations, regarding the time of analysis 
and the nature of the modifier assayed: 
 
a) The analytical time: Short analysis times (50 min) favor the effect of the experimental 
error, while longer times (500 min) favor solvent evaporation and thermal discoloration 
of Cr. In our experience, a middle point of 150-200 min continuously provided highly 
reproducible results, without undesirable consequences on evaporation and bleaching 
processes.  
b) The type of modifier agent: If the testing agent is an A, half-life extensions of 25 min in 
an assay of 200 min have to be considered, as they are time ranges that enable very 
accurate evaluations. To accomplish such time conditions, the concentration of 7.68 mM 
of AAPH is needed, as computed by Eq. [34]. If we want to test pro-oxidants, AAPH must 
be omitted, because the crocin reaction in the absence of AAPH is itself an appropriate 
method for assessing P activities. 
 
2.3.2.2. Temperature effect 
 
Since temperature accelerates the AAPH degradation and the spontaneous bleaching of crocin 
138, a strong effect of this variable on the response can be expected. Although the usual 
working range is 37-40ºC, the temperature effect was assessed at four temperatures (32, 37, 
40 and 45°C) in the absence and presence of AAPH at the established concentration (7.68 
mM in a 100 mM Briton-buffered reaction mixture, pH=5.5). 
 
The individual fitting to Eq. [22] of the profiles corresponding to each temperature (Table 9, 
part B) showed a statistically significant linear decrease of  without variation of , indicating 
that the oxidation process is more sensitive than the A action to the temperature enhancement. 
 
Interestingly, Eq. [22] also was able to incorporate formally the temperature effect. Such 
incorporation can be done in two ways. One way can include a hyperbolic term affecting the 
parameter  but temperature-dependent (Table 9, part B). Although this option was 
acceptable, the statistical significance was higher by using the second one, an expression less 
empirical, involving the Arrhenius equation as follows.  
 
The Arrhenius equation establishes that the rate constant (k) of a chemical reaction is a 
function of the absolute temperature (T) according to: 
 
 exp gk B E R T   [39] 
 
where B represents the frequency of collisions among reacting molecules, E is the activation 
energy and Rg the constant of gases (we denote the constant of gases R with a g subscript for 
avoiding homonymy with response). In our context, B and E can be considered as fitting 
parameters. 
 
The Eq. [22] used to describe the bleaching kinetics has no parameters that can be 
dimensionally assimilated to the constant k. However, such assimilation is possible if the 
equation is reparametrized in such a way that it includes explicitly a rate parameter, that is, a 
slope. Two meaningful slopes can be considered in Eq. [22]: that corresponding to the 
inflection point (v, Eq. [24]) and the maximum slope (vm, Eq. [25]). When the function is 
symmetrical (K=1, =3.259) then v=vm. If <3.259, the abscissa of vm is less than , and it 
becomes zero when =1 (note that the form of the term G implies that v exists for >0, while 




vm only for >1). As long as these meanings are not forgotten, any of the two slope 
expressions can be used for reparametrizing purposes. Thus, by substituting  in Eq. [22] for 
any of the rate values (v or vm) isolated in Eq. [24] or Eq. [25], as true rate parameters, can be 
replaced by the second member of Eq. [39], we can use the exponential term of the Arrhenius 
equation as a temperature-dependent perturbation factor of the considered rate.  
 
This leads to the Eq. [24], where the option including v –the simplest one– was used. The rate 
parameter (v) represents the reaction rate at time . This leads to the following final 
expression: 
 
     1
2
, 1 exp ln 2 exp g
t
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 [40] 
 
in which the exponential term from the Arrhenius equation acts as a temperature-dependent 
factor replacing v from Eq. [39]. This bivariate description of the temperature effect on the 
rate v was statistically satisfactory and fully consistent with the results of the univariate 
approach. The graphical results of the response are presented in Figure 14 (plot B1), 
displaying the different T in the crocin reaction (dots) and the fittings, obtained by applying 
Eq. [40] (lines). Figure 14 (plot B2) shows the behavior of v as a result of the parametric 
estimations, obtained by the individual fittings to Eq. [22] (dots), which indicates agreement 
with those fittings produced by Eq. [40] (lines). Table 10 (part B) shows the fitting parameters 
for bivariate Eq. [40] in the presence and absence of AAPH. 
 
Even in the absence of AAPH, temperature increased the bleaching rate of Cr in agreement 
with the Arrhenius equation, while the presence of AAPH reduced approximately by half the 
coefficient E from 65.5 to 35.8, proportional to the activation energy required for the Cr 
oxidation.  
 
Besides these effects, temperature increased –as mentioned already– by both evaporation and 
thermal gradient in the microplate. We decided to confine to the most standard temperature 
condition, the 37ºC value. Nonetheless, the most stable results were obtained at 32ºC, and 
even further reductions would be advisable, whenever they were accompanied by a correlative 
increase in the AAPH level, to maintain similar kinetic responses (30°C and 15 mM would 
maximize the accuracy). Although it is not common practice, the spontaneous bleaching in 
the absence of AAPH must be excluded from the analysis using the control. 
 
2.3.2.3. The pH effect 
 
The use of buffers is an extended practice, however, there is no consensus on the appropriate 
initial pH (Table 8) or the effect of this variable on the response. Some authors 54,76,77 applied 
approach A1 to analyze Cr bleaching in the presence of three antioxidants (caffeic acid, 
catechol and TRO) at two pH values (5.5 and 7.4), concluding that the pH causes significant 
differences in the first two cases, but not for the case of TRO. Our preliminary assays, in the 
crocin-AAPH system, showed the difficulty in distinguishing the effect of pH from that 
produced by an A, especially when the AC is measured at a single time. Thus, we decided to 
revise the effect of this variable on the Cr reaction by using 100 mM Briton buffer at 16 pH 
values: 3.5-(0.5)-11.0 (no hypso- or batho-chromic shifts in the absorption spectrum of Cr 
were detected in this range). 






         
Table 9: Individual fittings to the Eq. [22] of the kinetic data corresponding to the crocin reaction in 
the specified cases. Parametric estimates and CI (n=3; =0.05). v: reaction rate at the half-life time. 
                  
 K  α v R
2
adj                   
A: Effect of AAPH concentration (AAPH as a pro-oxidant agent) at 37ºC          
mM AAPH                           
0.0 0.96 ±3.43 577.3 ±16.5 1.37 ±0.20 0.0003 0.9954 
1.0 0.96 ±3.43 107.9 ±1.16 1.54 ±0.04 0.0053 0.9987 
2.0 0.96 ±3.43 69.1 ±0.81 1.59 ±0.03 0.0084 0.9992 
4.0 0.96 ±3.43 40.3 ±0.35 1.62 ±0.02 0.0146 0.9997 
6.0 0.96 ±3.43 30.3 ±0.19 1.69 ±0.02 0.0200 0.9998 
8.0 0.96 ±3.43 24.6 ±0.13 1.75 ±0.02 0.0252 0.9999 
10.0 0.96 ±3.43 21.2 ±0.18 1.78 ±0.03 0.0296 0.9997 
12.0 0.96 ±3.43 19.8 ±0.13 1.79 ±0.03 0.0318 0.9998 
14.0 0.96 ±3.43 17.6 ±0.15 1.78 ±0.03 0.0357 0.9997 
16.0 0.96 ±3.43 16.7 ±0.10 1.84 ±0.02 0.0386 0.9999 
18.0 0.96 ±3.43 15.1 ±0.12 1.83 ±0.03 0.0424 0.9997 
20.0 0.96 ±3.43 12.8 ±0.12 1.90 ±0.03 0.0515 0.9999                   
B: Effect of temperature 
         
TºC (without AAPH)                   
32 0.95 ±0.02 350.0 ±28.5 1.27 ±0.02 0.0009 0.9959 
37 0.95 ±0.02 255.8 ±61.3 1.33 ±0.03 0.0012 0.9981 
40 0.95 ±0.02 209.1 ±47.6 1.38 ±0.04 0.0015 0.9978 
45 0.95 ±0.02 176.8 ±51.1 1.43 ±0.06 0.0017 0.9970          
TºC (with 7.68 mM AAPH)                   
32 0.97 ±0.01 38.61 ±0.22 1.17 ±0.01 0.0320 0.9987 
37 0.94 ±0.01 28.58 ±0.26 1.81 ±0.01 0.0439 0.9992 
40 0.95 ±0.01 19.49 ±0.52 1.38 ±0.01 0.0631 0.9993 
45 0.94 ±0.01 12.29 ±0.11 1.42 ±0.01 0.1159 0.9983                   
C: Effect of pH 
         
pH                           
3.5 0.96 ±0.08 18.3 ±0.55 1.33 ±0.02 0.029 0.9993 
4.0 0.97 ±0.08 21.8 ±0.63 1.34 ±0.02 0.025 0.9992 
4.5 0.97 ±0.01 22.3 ±0.76 1.27 ±0.03 0.024 0.9991 
5.0 0.98 ±0.01 23.8 ±0.92 1.21 ±0.04 0.022 0.9995 
5.5 0.97 ±0.06 27.2 ±0.44 1.32 ±0.01 0.020 0.9993 
6.0 0.97 ±0.06 26.6 ±0.49 1.29 ±0.01 0.020 0.9982 
6.5 1.00 ±0.01 50.6 ±1.22 1.35 ±0.02 0.011 0.9991 
7.0 1.00 ±0.03 71.4 ±3.89 1.41 ±0.04 0.008 0.9992 
7.5 1.00 ±0.05 90.1 ±5.41 1.57 ±0.05 0.007 0.9993 
8.0 1.00 ±0.09 124.5 ±11.2 1.77 ±0.07 0.006 0.9989 
8.5 1.00 ±0.17 147.5 ±21.2 1.79 ±0.08 0.005 0.9979 
9.0 1.00 ±0.03 167.7 ±3.89 1.64 ±0.04 0.004 0.9963 
9.5 1.00 ±0.51 184.5 ±71.1 1.77 ±0.14 0.003 0.9994 
10.0 1.00 ±0.79 234.9 ±60.1 1.89 ±0.13 0.002 0.9991 
10.5 0.97 ±0.03 420.5 ±3.89 1.98 ±0.04 0.001 0.9963 
11.0 0.97 ±0.03 675.6 ±3.89 2.05 ±0.04 0.001 0.9983                   
D: Dose-response effect of Trolox (7.68 mM AAPH, 37ºC, pH=5.5) 
         
M TRO                           
0.0 0.95 ±0.03 27.2 ±0.18 1.40 ±0.01 0.0199 0.9999 
20.0 0.95 ±0.03 48.5 ±0.98 1.32 ±0.04 0.0110 0.9984 
40.0 0.95 ±0.03 68.1 ±0.91 1.34 ±0.03 0.0078 0.9989 
60.0 0.95 ±0.03 91.9 ±0.81 1.33 ±0.02 0.0058 0.9993 
80.0 0.95 ±0.03 117.3 ±0.89 1.30 ±0.02 0.0045 0.9993 
100.0 0.95 ±0.03 145.3 ±1.19 1.30 ±0.02 0.0037 0.9992 
120.0 0.95 ±0.03 162.9 ±1.14 1.32 ±0.01 0.0033 0.9995 
140.0 0.95 ±0.03 187.5 ±1.72 1.27 ±0.02 0.0028 0.9993 
160.0 0.95 ±0.03 218.3 ±2.62 1.26 ±0.02 0.0024 0.9992          
 




Results presented in Figure 14 (plot C) show a progressive reduction of the oxidation rate as 
the pH increases. Because the variable of pH does not affect the spontaneous discoloration 
rate of Cr, the effect must be attributed either to the inhibition of the AAPH degradation or to 
the capture of radicals from such a degradation. In any case, the increase of pH had an A-like 
effect. 
 
The individual description of the kinetic profiles was satisfactory with Eq. [22] (parametric 
results in Table 9, part C). Again, the possibility to incorporate the pH variable into Eq. [22], 
to describe its effect, requires making explicitly a rate parameter, as in the reparametrized Eq. 
[40] with temperature. However, to describe the effect of pH, there is not a general 
formulation, compared to the effect of T applying the Arrhenius equation. First, in order to 
identify the effect of pH on the Cr reaction, the individual fittings of the responses to Eq. [24] 
were calculated. Then, the behavior of v against pH was determined. The pH modifies the 
rate value of v, exponentially decreasing, while all the other parameters remain constant. In 
Eq. [24], when v was replaced by an exponential decreasing expression, the following pH-
time dependent analysis can be formulated: 
 
   
0
1 2
( , ) 1 exp ln 2 exp
t
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in which v is the rate at the minimum pH and b is a fitting coefficient. This model offers a 
simultaneous description, highly predictive and statistically significant in all the parameters, 
of the results obtained at the entire set of pH values (Figure 14, plot C and Table 10). 
 
The results obtained are presented in Figure 14 (plot C1), adjusted to the bivariate Eq. [41], 
displaying the pH effect response of the Cr reaction (dots) and the fittings obtained by 
applying Eq. [41] (lines). Figure 14 (plot C2) shows the behavior of v for the parametric 
estimations, obtained by the individual fittings (dots) to model expression [24] in agreement 
with those fittings produced by Eq. [41] (lines). The parametric estimations to Eq. [41] are 
presented in Table 10 (part C). 
 
In practice, the working pH in CBA is commonly around 7.0 (Table 8). At this value, the 
oxidation rate of crocin by AAPH is significantly reduced, which forces an increase of 
temperature for avoiding an excessive increase in the analytical time. However, this solution 
increases the effect of the experimental error and produces a high base-line, due to the 
spontaneous oxidation of Cr, complicating the data analysis. The alternative of increasing the 
concentration of AAPH causes an equally increase of the experimental error, especially at 
brief reaction times. Additionally, pH=7 is located within a domain in which the effect of the 
variable pH on the response is sharp and small variations could cause noticeably changes on 
the discoloration rates. To overcome these problems, we have selected a pH of 5.5 at which 
possible small variations (0.5-1.0 units), during the kinetic process, do not prevent an accurate 
evaluation. 
 
2.3.2.4. Antioxidant concentration. Trolox as a case of study. 
 
Trolox is commonly used as a standard A in hydrophilic systems because of its potency, but it 
should be kept in mind that it represents a quite particular case. When the effect of eight 
different concentrations of TRO (0-(0.5)-4 M) on the Cr reaction was studied under selected 
conditions (7.68 mM AAPH, 37°C, pH=5.5), both equations Eq. [22] and Eq. [34] provided 
statistically significant descriptions of the results (Table 9 and Table 10). Such descriptions 
showed an especially simple outlook (Figure 14, plot D), with an increase of the half-life  as 




a linear function of the A concentration. This response corresponds to hypothesis A from 
Figure 13 and is the only case in which the non-kinetic approaches produce acceptable results, 
in particular when temperature or AAPH concentrations are relatively high. Nonetheless, this 
behavior is far from being able to be generalized to any A and consequently, those approaches 
can still lead to erroneous equivalences when unknown samples are tested against TRO. 
 
2.3.2.5. Result’s reproducibility 
 
The CBA revisited assay here presented is a powerful tool to simplify hydrophilic responses 
found in other assays. Although we have revised the effects of several factors which 
occasionally some authors have found problematic (probably due to the absence of a proper 
kinetic model), our conclusions do not over-standardized, and in fact it reduces the variability 
of the assay. By establishing certain precautions with the reagents used, the adequate working 
range of pH, the usual working temperature and applying appropriate criteria to quantify the 
responses, the assay will be highly reproducible (the standard deviation error bars of each of 
the spectrophotometric kinetic responses obtained from four genuine replicates are presented 
in Figure 14 plots A1, B1 and C1). As Figure 14 and Table 9 shows all the experimental data 
were satisfactorily modeled with a good predictive capacity (adjusted coefficient of multiple 
determination), statistical consistence (Fisher’s test), adequate parametric sensitivity, narrow 
parametric CI (Student’s test), unbiased residuals and accuracy and bias factors. In addition, 
the statistical analysis of parameters calculated for the univariate fittings (also presented in 
Table 9) are represented in their respective Figure 14 plots (A2, B2, C2 and D2). 
 





Crocin (4 mg; 100 µM in the reaction mixture) and AAPH (75 mg; 7.68 mM) were dissolved 
in 30 mL of Milli-Q water 100 mM Briton buffer (pH 5.5, 40 °C). To avoid any degradation 
of both reagents, the solution was prepared and mixed just before use. The absorbance at 450 
nm (1.400) is dependent on the origin and conservation state of Cr. The molar extinction 
coefficient for Cr (450=15,117 L.mol-1.cm-1, Sigma-17304) was less than previously reported 
(443=133,000 L.mol-1.cm-1) where the product was purified from natural sources 54,76,77. This 
made it necessary to use a more concentrated reagent of Cr, but did not affect the results. 
 
2.4.1.2. Procedure to assess the action of oxidation modifiers 
 
Where the modifier was an A, the procedure was: 
 
In each well of a preheated (37°C) microplate (96 wells, 350 L) was added 250 L of 
reagent and 50 L of sample in water:ethanol (9:1) (in triplicate). The apparatus was 
programmed for 200 min at 37°C, with agitation at 660 cycles/min (1 mm amplitude) and 
interruptions for readings at intervals of three, five and 10 min (initiation, propagation and 
asymptotic phase). In addition to the sample set in study, the microplates contained:  
 
a) A series (calibration) in which the sample is replaced by a standard A, in water:ethanol 
(9:1), at the concentrations necessary to obtain at least a bleaching of 50%. 
b) Three wells (blank) in which the sample is replaced by solvent. 
c) Three wells (control) with a reagent without AAPH and the sample is replaced by solvent. 
Thus, spontaneous bleaching of Cr is quantified for correction purposes. 




d) If the sample or the standard A absorb at 450 nm, the corresponding series (correction), in 
which the reagent is replaced by solvent, must be included. 
 
If the modifier is a P the procedure is the same, but AAPH is omitted. 
 
2.5. Application: assessment of several commercial antioxidants and metal ions 
 
The revised protocol (with 7.68 mM AAPH, 37ºC, pH=5.5) and the proposed Eq. [22] and Eq. 
[34] were finally applied to a comparative study of several commercial antioxidants, as well 
as the possible interfering effects of metal salts that can be present –as part of complex natural 
extracts or as trace impurities of buffers– in the solutions to be tested. The results (Table 10 
and Figure 15) allowed us to conclude: 
 
a) Antioxidant capacity inhibiting the spontaneous bleaching of Cr (in the absence of AAPH) 
was not detected in any case. This indicates that the detected activities are only related to 
the trapping of the radicals released in the APPH degradation. 
 
b) BHA, TBHQ, ETX, PG, TR, TBHQ, Mn+2, Cu+2 and Cu+1 showed antioxidant capacity. 
BHT, TOC, Zn+2, Mg+2, Sr+2, Fe+2 and Fe+3 did not show such an activity (neither P). 
Others, such as Mn+2, Cu+2 and Cu+1 acted as strong antioxidants. The behavior of BHT 
and TOC (well-known A in lipidic systems) can be explained as examples of “polar 
paradox”. The high AC of metals (Mn+2, Cu+2 and Cu+1), even at very low concentrations, 
emphasizes the precautions that need to be taken when using complex extracts or buffer 
solutions with possible salt traces. Copper ions are known to participate in the formation 
of reactive oxygen species (ROS). Both cupric and cuprous ions can participate in 
oxidation and reduction reactions. In the presence of reducing agents, Cu2+ can be reduced 
to Cu1+, which is capable of catalyzing the formation of hydroxyl radicals from hydrogen 
peroxide via the Haber–Weiss reaction 144. The oxidation inhibition by copper could be 
attributed to its interaction with the peroxyl radicals produced by AAPH, breaking the 
propagation of the radical chain 145. The inhibiting effect of Mn2+ has been previously 
reported by several authors 146, arguing that could be ascribed to the lack of a facile way 
for the electron transfer from the metal to the hydroperoxyl radical. 
 
c) Equations [22] and [34] described accurately all the kinetics studied (Table 10). Using the 
specific half-life extension (term  in Eq.[34]) for an A concentration of 300M in an 
assay under the specified conditions, the following order of activities can be established: 
 
 Mn+2 > TRO > ETX > PG > AA > Cu+1 > Cu+2 > TBHQ > BHA 
 
d) A way to compare modifying-oxidation activities in a meaningful and visual form (Figure 
15, plot B) consist of plotting the specific variation of the half-life from Eq. [34] as a 
function of the agent concentration. 
 
For all cases, the fitting of results was always satisfactory. The mathematical equations were 
robust and consistent (p-values < 0.001 from Fisher’s F test), the residuals were randomly 
distributed and autocorrelations were not observed by Durbin-Watson test (data not shown). 
The statistical analysis, parameter assessment tools and model prediction uncertainties 
provided by the ‘SolverStat’ macro agreed accordingly. Furthermore, the R2adj between 
predicted and observed values were always > 0.98, with a wide majority of the fittings 
superior of 0.99. 











Figure 15: A: Effects of several antioxidants on crocin-AAPH system (7.68 mM AAPH, 37ºC, pH=5.5). Experimental results 
(points) and fittings to the eq. [34] (lines; see also Table 10). In all cases the kinetic profiles drop orderly with the increase of 
the agent concentrations, which are (M): BHA: 0-(37)-370, AA: 0-(30.3)-303, ETX: 0-(3.0)-30, TBHQ: 0-(80.0)-800, PG: 0-
(30.0)-300, Cu+2: 0-(20)-200, Cu+1: 0-(20)-200, Mn+2: 0-(12.5)-125. B: Characterization of all the agents studied through the 
specific half-life extension coefficient (Hτ from eq. [34]). 








                
Table 10: Simultaneous fittings of the kinetic data from crocin reaction in the specified cases to the bivariate Eq. [34] (and Eq. [40] in temperature effect or 
Eq. [41] in pH effect). Parametric estimates and CI (n=3; =0.05). v: reaction rate at the half-life time in Eq. [40] and Eq. [41]; E: fitting coefficient 
proportional to the activations energy in Eq. [40]. Note that A1, A2, A 3 and A4 are the cases also analyzed with the Eq. [22] in Table 9.  
                               
 K  (v in A2 & A3)  (E in A2) m (b in A3) n m n R
2
adj                               
A: ANALYSIS OF THE FACTORS THAT AFFECT THE OXIDATION PROCESS IN THE CBA 
                              
A1: AAPH 0.96 ±0.02 576.7 ±43.7 1.49 ±0.03 0.001 ±1x10-4 0.004 ±1x10-4 1.5x10-5 ±3x10-6 -  0.9984 
         
A2: TEMPERATURE          
without AAPH 0.95 ±0.29 1.4x103 ±1x102 1.24 ±0.06 35.81 ±1.241 - - - 0.9993 
with AAPH 0.95 ±0.02 5.5x109 ±1x107 1.58 ±0.06 65.59 ±3.272 - - - 0.9971 
         
A3: pH 0.96 ±0.01 0.922 ±0.021 1.52 ±0.13 0.383 ±0.035 - - - 0.9986 
         
A4: TRO 0.96 ±0.01 27.21 ±0.441 1.33 ±0.01 0.045 ±0.001 - - - 0.9987 
                  
B: ANALYSIS OF SEVERAL COMPOUNDS 
                              
B1: ANTIOXIDANT         
         
AA 0.93 ±0.07 23.95 ±0.79 1.30 ±0.07 0.055 ±0.004 0.009 ±0.001 0.061 ±0.015 0.0217 ±0.006 0.9971 
BHA 0.95 ±0.04 23.06 ±0.42 1.21 ±0.01 0.009 ±0.001 0.002 ±0.001 - - 0.9986 
TBHQ 0.96 ±0.08 32.22 ±0.75 1.24 ±0.02 0.007 ±0.001 0.002 ±0.001 - - 0.9976 
ETX 0.93 ±0.09 23.95 ±1.07 1.30 ±0.10 0.315 ±0.025 0.019 ±0.002 0.307 ±0.083 0.0622 ±0.022 0.9940 
PG 0.96 ±0.09 27.41 ±0.65 1.19 ±0.04 0.049 ±0.002 0.003 ±0.001 - - 0.9962 
         
B2: METAL IONS         
         
Cu+2 0.93 ±0.09 23.95 ±0.94 1.30 ±0.06 0.036 ±0.004 0.007 ±0.001 0.002 ±0.001 - 0.9943 
Mn+2 0.97 ±0.08 31.29 ±0.67 1.16 ±0.02 0.234 ±0.007 0.011 ±0.001 - - 0.9979 
Cu+1 0.95 ±0.04 30.82 ±0.42 1.32 ±0.01 0.012 ±0.001 0.001 ±0.001 0.008 ±0.012 0.0022 ±0.014 0.9985 
         
 
 





2.6. A possible mechanistic inference from the kinetic approach 
 
When the increase of  –and the concomitant drop of the slope– is not sufficient to explain the 
effect of a concrete A, and an increase of  is needed, the kinetic profile begins its exponential 
rise (propagation phase) with a delay that increases with the A concentration. In this respect, 
ETX (Figure 15 and Table 10) is the clearest example. This delay, or lag phase, is difficult to 
explain within the framework of the reaction sequence admitted for the Cr bleaching, and 
suggests that the A not only captures peroxyls (reaction 4: AH + ROOA + ROOH), but 
also acts at the level of the source of radicals (reaction 1: R-N=N-R2R + N2), preventing 
the formation of R or capturing the R formed but, in any case, reducing the contribution of 
R to the peroxyl formation. Although we do not have any mechanistic proof, a tentative 
application of the Runge-Kutta method to the rate equations, and expectable mass balances, 
formulated from that sequence, seem to confirm our hypothesis. If our hypothesis is correct, 
Eq. [22] and Eq. [34] would have additional capability, to a certain extent, to detect some 
evidences of some modes of action involved in the antioxidant activities. 
 





3. A new microplate procedure for simultaneous assessment of lipophilic and 
hydrophilic antioxidants and pro-oxidants, using crocin and β-carotene bleaching 
methods in a single combined assay: Tea extracts as a case study 
 
As described the βC and Cr bleaching reactions are the basis of two methods extensively used 
to quantify A and P activities. They are appropriate for lipophilic and hydrophilic matrices, 
respectively, and can provide useful complementary information in the study of complex 
natural extracts containing components with variable degrees of polarity. In this regard, a 
microplate procedure (Carotene Combined Bleaching) is proposed that enables the 
combination of both methods in a single, informative and less expensive method which is also 
faster to carry out. As an illustrative model, the method was applied to test a set of 
commercial lipophilic and hydrophilic antioxidants and some predictable P agents. 
Afterwards, as a food compound case study, the AC of five types of tea extracts (Green, Blue, 
White, Black and Red) were characterized and their equivalent potential capacity was 
calculated using commercial antioxidants on the basis of the new procedure developed in this 
research. The capacity of the tea extracts decreased in the following order: (a) In a 
predominantly lipophilic environment: White > Black > Red > Blue > Green tea extracts; and 
(b) In a predominantly hydrophilic environment: Green > Red > White > Black > Blue tea 
extracts. 
 
3.1. Brief introduction of the kinetic methods merged to develop the carotene combine 
bleaching method 
 
Cr and βC bleaching reactions are the basis of two methods extensively used to quantify A 
and P activities. Their respective protocols have been repeatedly revised and improved. Their 
execution shares the main conditions and operative requirements, which make their 
simultaneous achievement in a microplate reader possible. They are appropriate for lipophilic 
and hydrophilic matrices, respectively, and can provide useful complementary information in 
the study of complex natural extracts containing components with variable degrees of 
polarity. βC is a lipophilic oxidizable substrate, especially sensitive to OM. By means of 
hydrophobic repulsion, it is able to join the system of lipidic micelles and the corresponding 
oxidation reaction is accomplished in a lipidic environment. Hydrophilic antioxidants, even 
powerful ones, produce a very low response in such systems (polar paradox). On the contrary, 
Cr is a hydrophilic oxidizable substrate, and lipophilic OM even powerful ones, produce very 
low responses in the aqueous systems (apolar paradox).  
 
The goal of this section is to report a new combined procedure for microplate readers, called 
the Carotene Combined Bleaching (CCB) assay, to assess the A and P capacity in lipophilic 
and hydrophilic environments in one single procedure. Therefore, in the assessment of any 
complex matrix containing an OM, the new combined procedure represents a powerful 
informative tool defining the basic characteristics and compound capacity in two equal, but 
different systems in which the polar properties can be effectively revealed. The new combined 
microplate method of Cr and βC bleaching reactions in one single assay facilitates a less 
expensive procedure which is also less time consuming. Furthermore, the application of 
robust mathematical modeling produces consistent and meaningful criteria for the 
comparative characterization and capacity quantification of any OM, taking into account 
dose-time-dependent behavior with a low experimental error. The method was tested in an 
illustrative model of lipophilic and hydrophilic commercial antioxidants and some predictable 
P agents. 
 
3.2. Conditions of the carotene combined bleaching method 





The carotene combine bleaching method is a new microplate procedure for the simultaneous 
assessment of lipophilic and hydrophilic antioxidants and pro-oxidants, using the Cr and βC 
bleaching methods in a single combined assay. The execution protocols share the main 
conditions and operative requirements, which make their simultaneous achievement in a 
microplate reader possible. The main conditions, operative requirements and quantification 
procedure for the carotene combined bleaching method (CCB) in a microplate reader are 




a) Crocin bleaching reagent: Crocin (4 mg; 100 µM in the reaction mixture) and AAPH (75 
mg; 7.68 mM in mixture) were dissolved in 25 mL and 5 mL of Milli-Q water, 
respectively. To avoid any initial degradation, both solutions must be prepared and mixed 
just before use. When testing pro-oxidants, AAPH must be omitted, because the Cr 
reaction in the absence of AAPH is itself an appropriate method for assessing P activities. 
 
b) β-Carotene bleaching reagent: 4 mg of βC, 0.5 mL of linoleic acid and 4 g of Tween-40 
were dissolved in 20 mL of chloroform. The solution was distributed in aliquots of 1 mL 
in 30 mL tubes and the chloroform was evaporated simultaneously in all of them in a 
rotary evaporator (40ºC /15 min) adapted to work with multiple tubes. The resulting oily 
residue was washed with N2 and stored at -18ºC (stable for one week). A single tube 
provides sufficient reagent for a microplate by adding 30 mL of Milli-Q water. 
 
3.2.2. Assay conditions 
 
The assays, routinely applied in the determination of the OM activities, are normally 
conducted with minimal calculation requirements leading to the misinterpretation of the effect 
of some factors such as oxidant concentration (linoleic acid or AAPH), pH, and temperature, 
among others. In some cases, they lead to an over-standardization of the protocol or in other 
situations overlooking the important aspects that need to be standardized. However, in both 
cases, these factors have been rigorously revised and the protocols improved, and at present, 
they can be considered as highly optimized. The information provided, made it possible to 
find the experimental conditions suitable to perform both methods in one single assay. 
However, a compromise is needed between the optimum conditions for both methods to 
obtain reliable results in a single microplate, in such a way that the respective sensitivities are 
not significantly affected. A satisfactory agreement is reached by working with the following 
conditions: 
 
1. Temperature: 40ºC. 
2. Wavelength: 460 nm.  
3. pH of both reagents: 5.5 (100 mM citrate buffer). 
4. AAPH concentration in Cr reagent: 4.42 mM (the value is adjusted to achieve a radical 
release rate equivalent to that which takes place at the usual working temperatures: 35-
37ºC). 
 
In both reactions, the final absorbance (at their respective wave length) prepared was 1.4 and 
this value in any case must not be corrected by dilution. 
 
3.2.3. Microplate procedure 
 




- The experimental procedure is carried out using a preheated (37°C) plate (350 L in a 96-
Well polypropylene microwell plate with flat bottom) containing 50 µL of a sample and 250 
µL of the appropriate reagent in each well. The reagent solutions must be dispensed just 
before use. The use of multi-channel pipettes is recommended.  
- In the experience of the authors, the analytical time of 200 min always provided highly 
reproducible results without undesirable consequences such as evaporation and bleaching 
processes. Short analysis times (50 min) lead to experimental error, while longer times 
(500 min) favor solvent evaporation and natural thermal discoloration of Cr.  
- The reaction was maintained with constant shaking at 660 cycles/min (1 mm amplitude), 
only interrupted for readings at 3, 5 and 10 min intervals (initial, propagation and 
asymptotic phases).  
- For each sample tested, a dose response of a minimum of 8 concentrations must be freshly 
prepared. Water:ethanol (9:1) solutions help to dissolve different components.  
- Besides the dilution series of the assayed samples, the microplate must include: 1) a 
calibration series for each method, in which sample dilutions are replaced by those of 
reference OM; 2) two or three wells (blank) in which samples are replaced by their solvents.  
- A typical distribution of a microplate with each series in duplication, enabling the 
simultaneous analysis of two samples by both methods, is exemplified in Figure 16. Note, in 
order to avoid as much as possible the error produced by the temperature gradient in the 







Figure 16: Typical microplate array for two methods/two samples, with two replicates per series. Ci: calibration series, 
method i; Si,j: sample series, method i, sample j. 







Figure 17: Effects of eight agents on crocin and -carotene bleaching reactions in lipophilic (L) and hydrophilic (H) media; 
Experimental results (dots) and respective fittings to the Eq.  [34] (lines). A control series () and seven dilutions (: 1/7, 
: 2/7, : 3/7, : 4/7, : 5/7, : 6/7, : 7/7) were included in each case. Notice the method-dependent differences in 
the concentration (in final solution of the reaction) ranges tested. Parametric estimates and CI are shown in Table 11. 







                
Table 11: Numeric results corresponding to the kinetics of the bleaching reactions from Figure 17, as fitted to the Eq. [34]. 
                




 parametric estimates 
               
control modifying coefficients 
R2adj  
_______________________________________________________________________________________________________________________________________ ____________________________________________________________________________________________________________________________________________________________________________________________ 
              
 K  α m n mα nα 
___________________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________ 
                
β-carotene method 
                
   BHA 0-5 0.931 ±0.001 58.37 ±0.39 1.202 ±0.035 1.640 ±0.030 0.027 ±0.003 -  -  0.9987 
   BHT 0-30 “  “  “  0.199 ±0.003 -  0.011 ±0.003 -  0.9969 
   TOC 0-0.04 “  “  “  49.61 ±1.54 -  -  16.27 ±1.21 0.9990 
   TRO 0-250 “  “  “  -  -  -  -  0.9976 
                
                
   Fe+2 0-7 “  “  “  0.028 ±0.011 1.029 ±0.047 0.220 ±0.059 0.438 ±0.104 0.9989 
   Mn+2 0-250 “  “  “  0.002 ±0.000 0.001 ±0.000 -  -  0.9988 
   Cu+2 0-300 “  “  “  0.009 ±0.000 0.034 ±0.001 -  -  0.9993 
   AAPH 0-30000 “  “  “  0.055 ±0.004 0.009 ±0.001 0.061 ±0.015 0.0217 ±0.006 0.9971 
                
Crocin method 
                
   BHA 0-400 0.970 ±0.001 45.93 ±0.47 1.297 ±0.036 0.009 ±0.001 0.003 ±0.000 -  -  0.9954 
   BHT 0-200 “  “  “  -  -  -  -  0.9988 
   TOC 0-25 “  “  “  0.022 ±0.009 -  -  -  0.9993 
   TRO 0-150 “  “  “  0.043 ±0.008 -  -  -  0.9975 
                
                
   Fe+2 0-50 “  “  “  -  -  -  -  0.9989 
   Mn+2 0-100 “  “  “  0.232 ±0.007 0.011 ±0.001 -  -  0.9988 
   Cu+2 0-200 “  “  “  0.016 ±0.001 0.003 ±0.000 0.003 ±0.002 -  0.9957 
   AAPH 0-20000 “  “  “  0.001 ±1x10-4 0.004 ±1x10-4 1.5x10-5 ±3x10-6 -  0.9984 
                
                
 




3.3. Illustrative application to assess lipophilic and hydrophilic commercial antioxidants 
and some potential pro-oxidant agents 
 
As a first general result, none of the bleaching kinetics of the tested compounds promoted, in 
the absence of linoleic acid or AAPH, significantly differ from the control. This suggests that 
in all cases the capacity (anti- or pro-oxidant) was not related to C or Cr bleaching, but to the 
radical production. 
 
In Table 11 and Figure 17, the results of the proposed approach are presented, applied to four 
well-known antioxidants (BHA, BHT,  and TRO), and four potential P agents (Fe+2, 
Mn+2 and Cu+2).For all the assayed agents, statistically significant descriptions, with very 
accurate predictions, were provided by the Eq. [34]. Given the relationship of Eq. [33], a 
variation of the half-life () implies a variation with opposite trend in the maximum slope 
(vm), when K and  remain constant. In the presence of antioxidants,  increases and vm 
decreases accordingly, the opposite occurs in the presence of pro-oxidants (see also Figure 7). 
This variation is general enough to explain the alteration of the kinetic profile due to OM 
capacity. However, changes in  can be found as well, modifying the relationship between  
and vm. In fact, if an A has an affinity to oxygen or radicals much higher than to the substrate, 
the propagation phase begins with a certain delay, resulting in an increase of . In addition, a 
P action can be evidenced with a similar delay if the affinity of the substrate by oxygen or 
radicals is very high even in the absence of the P agents.  
 
Kinetics of the eight studied agents illustrated, sometimes in a rather surprising way, diverse 
degrees of these behaviors. Polar and apolar paradoxes are shown. BHT (apolar) and TRO 
(polar) showed detectable AC only in lipophilic and hydrophilic environments, respectively, 
whereas BHA and , with polar groups on apolar molecular bulks, were much more active 
in lipophilic medium (180 times in the case of BHA), but maintained a low capacity in a 
hydrophilic environment. Although less expected, amongst the predictable P agents, similar 
differences took place. Fe2+ acted as a strong P in the lipophilic environment and was inactive 
at 10 times higher concentrations in the hydrophilic medium. Mn2+ behaved in an opposite 
way, but in both cases showing AC (strong in a hydrophilic environment). Cu2+ showed a 
medium-dependent inversion of its capacity, A and P in lipophilic and hydrophilic 
environments, respectively. This illustrative example clearly demonstrates the capabilities of 
the CCB assay to discern the lipophilic and hydrophilic activities of a variety of OM agents 
providing useful information in the study of complex natural extracts containing components 
with variable degrees of polarity. Next, the CCB assay proposed was used for testing the 
capacity of tea extracts.  
 
3.4. Application to assess the antioxidant capacity of natural agents - Tea extracts as a case 
study 
 
As in the previous example, none of the bleaching kinetics of the tested compounds promoted, 
in the absence of linoleic acid or AAPH, significantly differs from the control. In Table 13 
and Figure 18, the results of the proposed approach are presented, as applied to the five most 
common tea types (A: Green, B: Blue, C: White, D: Black and E: Red tea). 







Figure 18: Antioxidant capacity of 
tea extracts in both crocin and -
carotene bleaching reactions 
(lipophilic and hydrophilic media 
respectively). 
 
Experimental results (dots) and 
respective fittings to the Eq. [34] 
(lines).  
 
A control series () and seven 
dilutions (: 1/7, : 2/7, : 
3/7, : 4/7, : 5/7, : 6/7, : 
7/7) were included in each case.  
 
The concentrations range tested 
for all extracts are 0-(0.1)-0.7 g/L 
in final solution of the reaction. 
Parametric estimates and CI are 
shown in Table 13. 





Table 12: Moisture and ash percentage of the tea types obtained. Yield percentage of the extraction 
procedure for each type of tea assessed. Compositional analysis of the extracted powder. All cases are 
referred to the % of the total w/w of the tea extracted material (% EM). Tea samples: Green tea (A); 




Main compositional analysis of tea extracts 
Moisture Ash Yield TS RS PROT TP TF 
% % % % EM % EM % EM % EM % EM 
         
_______________________________________ ___________________________ ___________________________ ___________________________ ___________________________ ___________________________ ___________________________ ___________________________ ___________________________ 
         
A 6.32 4.42 25.20 39.12 44.17 67.05 31.38 19.01 
B 2.39 4.08 29.69 34.81 46.31 22.18 33.65 25.74 
C 6.46 4.55 28.22 18.48 36.57 46.91 30.50 25.94 
D 6.15 4.99 37.23 19.62 35.41 29.16 33.72 40.74 
E 6.97 6.34 32.72 24.29 45.66 43.52 24.83 40.61 
         
         
TS: total sugars, RS: reduce sugars, PROT: proteins, TP: total polyphenols and TF: total flavonoids 
         
         
 
The fitting of results was always satisfactory. The mathematical equations were robust and 
consistent (p-values < 0.001 from Fisher’s F test), the residuals were randomly distributed and 
autocorrelations were not observed by Durbin-Watson test (data not shown). The statistical 
analysis, parameter assessment tools and model prediction uncertainties provided by the 
‘SolverStat’ macro agreed accordingly. Furthermore, all the adjusted coefficients of 
determination 
2
adjR  between predicted and observed values were always greater than 0.95, 
with a wide majority of the fittings superior at 0.99. Accuracy and bias factors (Af and Bf) also 
indicated the high accuracy and lack of bias of equations used to describe experimental effects 
of OM agents (data not shown). 
 
Beyond quantitative differences, all the tea extracts promote the AC in both lipophilic and 
hydrophilic environments. Based on the behavior of HTable 13, the capacity of the tea 
extracts decreased in the following order: (a) In a predominantly lipophilic environment: 
White > Black > Red > Blue > Green tea extracts; and (b) In a predominantly hydrophilic 
environment: Green > Red > White > Black > Blue tea extracts. The differences were much 
higher in a lipophilic environment than in a hydrophilic one. 
 
                
Table 13: Numeric results corresponding to the kinetics of the bleaching reactions from Figure 18, as 
fitted to the Eq. [34]. 
                
                
tea 
types 
 parametric estimates 
               
control modifying coefficients 
R2adj  
_______________________________________________________________________________________________________________________________________ ____________________________________________________________________________________________________________________________________________________________________________________________ 
              
 K  α m n mα nα 
_______________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________________________ _____________________________ 
                
β-carotene method 
                
A 0.936 ±0.9 58.37 ±2.6 1.32 ±6.3 40.88 ±7.1 1.75 ±15.9 702 ±7.2 898 ±32.0 0.9967 
B “  “  “  32.44 ±8.0 2.14 ±16.4 758 ±23.5 1034 ±23.2 0.9929 
C “  “  “  44.36 ±8.9 2.96 ±15.2 757 ±5.3 960 ±15.5 0.9910 
D “  “  “  36.10 ±5.9 2.29 ±10.1 704 ±10.6 1001 ±10.8 0.9949 
E “  “  “  27.62 ±7.7 1.19 ±19.4 706 ±4.4 996 ±14.8 0.9974 
                
Crocin method 
                
A 0.832 ±1.3 45.93 ±2.6 1.28 ±3.7 81.46 ±4.6 1.79 ±34.5 17.63 ±60.7 26.19 ±54.7 0.9971 
B “  “  “  97.30 ±4.9 1.65 ±44.9 8.90 ±56.7 13.82 ±49.3 0.9969 
C “  “  “  442.30 ±2.8 9.12 ±18.2 104.22 ±52.7 140.18 ±48.8 0.9991 
D “  “  “  433.50 ±2.6 10.61 ±14.4 223.36 ±78.7 283.19 ±75.5 0.9991 
E “  “  “  222.69 ±2.1 4.92 ±15.3 64.78 ±34.4 90.77 ±31.6 0.9991 
                
                
 




Additionally, no clear links were found with the compositional analysis (Table 12). Although 
a relationship between AC and total polyphenols and flavonoids would not be rare, its 
absence is not surprising either, since these chemical families can include particular 
compounds with very different specific powers and capabilities to act in lipophilic or 
hydrophilic environments. Finally, the A effects, from tea extracts and commercial 
antioxidants tested, show different mechanistic behavior as a function of the relative changes 
of H being (see Figure 7B and Figure 19) and can be summarized as follow:  
 
-In lipophilic environments: BHA and  proportionally constant A mode (A1); BHA and 
all tea extracts behave as decreasing A mode (A2); and TRO as a null effect. 
-In hydrophilic environments: TRO and  proportionally constant A mode (A1); BHA and 
all tea extracts behave as decreasing A mode (A2); and BHT as a null effect. 
 
3.5. Potential equivalent capacity of Tea extracts 
 
Several studies have demonstrated that many herbs and medicinal plants have potential 
preventative effects against oxidative stress 6,21,24,25,147,148, and a significant number of herbs, 
spices, cereals, and legumes have been explored as potential sources of antioxidants. Besides 
the disease-preventative and health-promoting effects of these natural sources of antioxidants, 
they have profound effects on food preservation, counteracting most common oxidative 
processes. Antioxidants are used as food additives to prevent food from deterioration 
(oxidation) by oxygen and sunlight exposure mainly. Oxidative changes in foods are 
considered a major concern for the food industry because it leads to flavor deterioration and 
loss of nutritional value. Commercial antioxidants such as BHA and BHT are repeatedly used 
as additives, being an effective strategy for preventing and reducing oxidative changes in 
foods. Some controversy surrounds the use of commercial antioxidants such as BHA or BHT 
(among others) in foods. Carcinogenicity of these compounds has been suggested based on 
evidence in experimental animals. For example, when BHA is administered in high doses as 
part of the diet of rats and hamsters, it has caused papillomas and squamous cell carcinomas 
of the forestomach 149. On the other hand, BHT is not without controversy as there are 
claimed links to child hyperactivity as well as some specific types of cancer. However, the 
evidence is unclear and links to such effects have not been demonstrated in humans 150. 
Despite their potential risk associated with their use, these antioxidants and others have 
currently many food industrial uses worldwide.  
 
Consequently, a search for naturally occurring compounds with AC has increased 
dramatically in the past years. However, on many occasions the way of computing the 
equivalent capacity is based on a single concentration, expecting that those single values will 
be equal at any lower or higher concentration (as a linear behavior). Unfortunately, this 
pattern only takes place in particular cases and in the majority of the compounds, especially in 
mixed samples of natural extracts, the response is non-linear. 
 
In Figure 19, an intuitive solution to compare A activities of tea extracts versus the 
commercial antioxidants has been proposed, by plotting the specific extension of the half-life 
(H), given by the Eq. [34], as a function of their concentration. This graphical representation 
(the most simple and visual way) to analyze the parametric non-linear response of the A 
equivalent action and compare their capacity rigorously, provides an easy tool that facilitates 
the selection of appropriate concentrations of natural products to replace commercial 
antioxidants.  
 







Figure 19: Potential equivalent capacity of the five different varieties of tea extracts against some commercial antioxidants 
using the specific half-life extensions (Eq. [34] given the relationship of Eq.[33]) calculated with the parameters obtained in 
Table 11 and Table 13. Note concentration scales on lines and that in the figure on the left (for lipophilic environment) the 
scales for commercial antioxidants are in M, except for the case of α-Tocopherol that are in nM. 




Therefore, the nonlinear equivalent responses of natural A compounds are characterized and 
compared with commercial substances within the concentration range tested. The capacity of 
tea extracts are presented as a function of the powder material extracted (g/L of the final 
analytical solution) and the commercial antioxidants are presented as M and nM for both 
responses, lipophilic and hydrophilic environments. Thus, the potential equivalent capacity 
can be computed easily and the different mechanistic behavior as a function of the relative 
changes of H can also be easily identified (see Figure 7 and Figure 19). For example, the 
following in vitro results can be concluded: 
 
-In lipophilic environments: ~1 g/L of green tea (A) is equivalent to ~150 M of BHT 
-In hydrophilic environments: ~0.65 g/L of green tea (A) is equivalent to ~265 M of TRO. 
 
It is particularly noteworthy to point out that the equivalent potential capacity of tea extracts 
reported in this study is only uncountable for in vitro responses. Thus, if any of these natural 
extracts were required to replace commercial antioxidants, the in vitro responses found, 
almost certainly, only serves as guiding values of the real responses that may be found for "in 
vivo" assessments. 
 
The carotene combined bleaching (CCB) assay is a new microplate procedure for 
simultaneous assessment of lipophilic and hydrophilic antioxidants and pro-oxidants, using 
the Cr and βC bleaching methods in a single combined assay. It can provide useful 
complementary information in the study of complex natural extracts containing components 
with variable degrees of polarity. As a food compound case study, the AC of five types of tea 
extracts (Green, Blue, White, Black and Red) were characterized and their equivalent 
potential capacity with commercial antioxidants was calculated. 
 
 





4. A time-dose model to quantify the antioxidant responses of the oxidative 
hemolysis inhibition assay (OxHLIA) and its extension to evaluate other 
hemolytic effectors. 
 
The in vitro oxidative hemolysis inhibition assay (OxHLIA), despite its relevance for in vivo 
responses, lacks of a proper mathematical model to quantify the responses. In this section, 
aided by the developed formal mathematical structures, a detail analysis of the non-linear 
time-dose responses of A compounds is presented. Furthermore, it allows one to perform 
easily comparisons between different compounds. Experimental data from the bibliography 
was used to verify and validate its application. Its advantages are a simple application, 
provision of parametric estimates that characterize the response, simplification of the 
protocol, economization of experimental effort and facilitation of rigorous comparisons 
among the effects of different compounds and experimental approaches. In addition, other 
effectors that may obstruct or be of interest for the A determination are modeled according to 
similar principles as those defined in the OxHLIA reaction. Thus, the basis of more complex 
multivariable models is provided. 
 
4.1. Current situation of the oxidative hemolysis inhibition assay 
 
OxHLIA is a bioassay for evaluating the inhibition capabilities of antioxidants 151, half way 
between in vivo and in vitro methods. Sheep erythrocytes are subjected to hemolysis by the 
action of hydrophilic and lipophilic radicals in aqueous system. Hydrophilic radicals are 
generated from the thermal decomposition of AAPH attacking the erythrocytes membranes. 
Lipophilic radicals are derived from the oxidation of the erythrocytes membranes (lipid 
peroxidation), a phenomena that is initiated by the action of AAPH and thermal induction. 
The lipophilic and hydrophilic radicals eventually cause the hemolysis of the cell. The time at 
which the hemolysis occurs depends on the resistance of the erythrocytes population. This 
hemolytic time can be retarded by antioxidants, capturing the hydrophilic and/or lipophilic 
radicals. The advantages of OxHLIA are that radicals and substrate targets are biologically 
relevant compared to other in vitro methods and that antioxidants are subjected to oxidants 
with different degrees of polarity 152.  
 
Originally, the OxHLIA was performed in a test-tube format and the degree of hemolysis was 
spectrometric determined in the supernatant after centrifugation 151. Those steps impeded 
researchers to test large numbers of samples at the same time. Since the development of the 
method, several studies have improved and extended the applicability of the method 153–156. 
Recently, authors 81 have perform a further key modification, which allows to follow the 
degree of hemolysis via turbidity of the erythrocyte suspension without centrifugation. This 
improvement enhances the applicability of OxHLIA into a microplate format. The method 
thus performed, even when it is not yet completely clear the procedure to produce functional 
profiles, enables the evaluation of large numbers of samples of small quantity at the same 
time with satisfactory precision and reproducibility in an equivalent way to the previous 
format procedures.  
 
Its main weakness is an insufficient formalism due to the lack of formal model to describe the 
kinetic erythrocyte hemolysis, which prevents the quantification of its statistical reliability 
and loses a part of the relevant information that can be drawn from the experimental results. 
Therefore, the quantification relies on graphically –or similarly methodologies–, which results 
low reproducibility of the results and leads to an accumulation of procedural restrictions that 
overstandardize the protocol 143. Although the meticulous results can be found concerning the 




kinetics and the factors affecting the reproducibility of the method, the quantification of the 
results has been left as it was postulated originally 151. 
 
In general, the bioassay studied here is of a special elegance and applicability. One of the 
major drawbacks is the lack of formal model to describe the kinetic erythrocyte hemolysis. 
Therefore, the quantification of the hemolytic time τ (time to reach the 50% of the survival 
population of erythrocytes) has to be obtained graphically or similarly from the kinetic 
erythrocyte survival curve and thus, the results provided lack of relevant statistical 
information. Additionally, such a lack of mathematical expression causes low reproducibility 
of results, which often leads to an accumulation of procedural restrictions that could 
overstandardize the protocol. 
 
Next, we will briefly review different mathematical methodologies from related fields of 
study, such as the A, dose-response and hemolytic bioassays. Afterwards, based on such 
analysis, a simple illustrative bivariate (simultaneous analysis of time and effector responses) 
mathematical application for many different effector agents that affect the hemolytic process 
is presented. Then, a highly appropriated alternative model for OxHLIA is verified by using 
data from other authors that had investigated the capacity of several antioxidants in the 
OxHLIA reactions. Finally, other effectors that may obstruct or be of interest for A 
determination are modeled in similar principles as those defined in the OxHLIA reaction. 
 
4.2. Modeling approaches from related fields of study 
 
As well as other authors 29,31,53, we reject the simplistic ways of characterization of A action 
and we attempt to address this issue by bringing across well-established ideas from existing 
fields to overcome the existing problems for the quantification OxHLIA antioxidant bioassay. 
Table 14 shows a short review of different mathematical expressions from related fields of 
study that provide the key knowledge to guide the development of appropriate solution for the 
OxHLIA antioxidant bioassay. At present, the reaction mechanism of the erythrocyte lysis is 
well understood. Authors have developed a sophisticated mechanistic model to evaluate the 
erythrocyte lysis 157. The detailed mechanistic description of oxidation is complex because, 
the heterogeneity of the cell population varies from one to the other systems making it 
difficult to characterize the responses and difficult to measure all the compounds involved in 
the reaction. Therefore, researches tend to search for empirical general models 155,158, able to 
quantify and evaluate the complex phenomenon of hemolysis. In this regard, authors 159 have 
demonstrated the suitability of the Weibüll survival distribution connecting its parameters to 
blood properties. 
 
From the A field, due to the complexity of the oxidative reactions, multiple number of simple 
calculation procedures and different mechanistic or empiric kinetic models 28,29,31,53 are 
routinely used to compute the inhibitory responses of different agents. Among the available 
non-linear models, the power function developed for antioxidant responses 29 is only 
appropriate to adjust fractional-order kinetic profiles, but fails in the description of first-order 
processes or sigmoidal profiles. The Logistic and Weibüll equations, which have been 
transferred from microbiology and pharmacology dose-response fields to describe the 
oxidation action 31,53, are more appropriate equations for modeling oxidation processes. From 
the dose-response theory, the three parameter sigmoidal group of functions without intercept 
(Hill Eq. [8], Gompertz Eq. [9] Richards-Chapman Eq. [10] or Weibüll Eq. [22]) would be, in 
general, acceptable solutions to fit individually the kinetic profiles corresponding to a series 
of increasing level agents or variables 96,132,160,161. 





    
Table 14: Short review of different mathematical methodologies from related fields of study, such as the hemolytic bioassays, antioxidant and dose-response 
theory. 
    
    
REF. TYPE* USE** DESCRIPTION 
    
    
From related hemolytic analytical techniques: 
    
    
157 M OMT 
Sophisticated mechanistic model to evaluate the erythrocyte lysis analyzed with a scanning flow cytometer in isotonic solution, obtaining several 
parameters (volume, surface area, hemoglobin concentration, elasticity and critical tension of membrane, etc) that allow to evaluate the lysis. 
158 E OMT 
A mathematical model based in the Gaussian distribution function to measure the degree of osmotic fragility to test the degree of resistance of red 
blood cells to hemolysis was developed. It provides parameters that define the midpoint, the dispersion, and maximum hemolysis. 
159 E OMT 
Demonstrated the suitability of the Weibüll survival distribution to study the surfactant-induced erythrocyte hemolysis (osmotic fragility test) 
connecting its parameters to blood properties. 
155 E PHA 
Developed a toxicological dynamic model, applying in equivalent form the Weibüll and Logistic equation, to describe the hemolysis of 
erythrocytes by palytoxin and its inhibition by ouabain, allowing to detect this potentially non-protein marine toxin. 
    
    
From the antioxidant field: 
    
    
53 E DAA 
A bivariate model was proposed. It allows to obtain the simultaneous solution of a series of oxidation kinetics of a dose-response of antioxidants. 
Its application is simple, provides parametric estimates which characterize oxidative process, and it facilitates rigorous comparisons. 
29 E DAA 
A kinetic approach to evaluate the efficiency of antioxidants in scavenging the radical generated in the β-carotene, DPPH and the superoxide anion 
radical methods. The authors highlighted the need of approaches to estimate the rate of the A reactions.  
31 E DAA 
A general mathematical model for lipid oxidation in food systems based in the logistic equation. A simple method was described for the evaluation 
of the model parameters. Variations of these numerical values were also associated with varying pretreatment and storage conditions. 
    
    
From the dose-response theory: 
    
    
132 E DDRA 
A general bivariate method to describe the time-dose-response curves for physiological and pharmacological studies. The method permits rigorous 
statistical analysis, provides a basis for pooling of information from separate experiments, and determines characteristics shared by curves. 
160 E DDRA 
A review to describe the importance of the time dimension on dose-responses for toxic chemicals. In many situations, the effect of a toxic chemical 
on a biological system depends on both the intensity and the duration of exposure.  
161 E DDRA 
The suitability of several common descriptive models for the study of dose–response relationships is discussed, and changes are introduced that 
improve their suitability, generalize their application and lead to their possible application for multivariable analysis.  
96 E DDRA 
A review of various properties of the Hill equation which is widely used in many pharmacokinetic–pharmacodynamic models to describe nonlinear 
drug dose–response relationships. The main mechanistic aspect and multivariate potential applications are also discussed. 
    
    
* MODEL TYPE: Mechanistic (M); Empirical (E).  
** USE: Osmotic fragility test (OFT); Palytoxin hemolytic capacity (PHA); Different A assays (DAA); Different dose-response approaches (DDRA). 
    
    
 





In general, most of the above models can be transferred to study the erythrocyte survival 
analysis found in the OxHLIA method and help to compute, in a proper form, the inhibitory 
features over the control curve produced by any A agent. Those models would be able to 
produce key parameters to summarize the responses, such as the asymptote, half-life, 
maximum rate or the lag-phase and they can be used to quantify the effect of different 
chemicals. However, in the following, by merging all the above solutions, we will describe in 
detail what we consider as suitable solution for the OxHLIA antioxidant bioassay. 
 
      
Table 15: Description of the references used to collect data to be analyzed in this study, the figures, 
variable or agent involved and some relevant conditions of the assays. 
      
      
CASE REF. FIG. EFFECTOR CONDITIONS METHOD 
      
      
A: ANTIOXIDANT EFFECTOR ANALYSIS 
      
      
A1 153 Fig. 20 TRO (0-(25)-125 µM). 0.7% (v/v) in PBS (pH 7.4), 
37 ºC, 40 mM AAPH. 
OxHLIA a 
A2 81 Fig. 3 TRO (0-(25)-100 µM). 0.7% (v/v) in PBS (pH 7.4), 
37 ºC, 40 mM AAPH. 
OxHLIA b 
A3 162 Fig. 5 AA (0-(100)-300 µM). 0.7% (v/v) in PBS (pH 7.4), 
37 ºC, 50 mM AAPH. 
OxHLIA a 
A4 163 Fig. 1a CazNH (0, 6.17, 9.26, 12.3, 
15.4, 20.6 µM) 
10 mM PBS (pH 7.4), 37 ºC, 
40 mM AAPH. 
OxHLIA a 
A5 163 Fig. 1b IsbNH (0, 8.26, 12.4, 16.5, 
20.7, 24.8 µM) 
10 mM PBS (pH 7.4), 37 ºC, 
40 mM AAPH. 
OxHLIA a 
A6 163 Fig. 1c DpaNH (0, 3, 6, 9, 12, 15 
µM) 
10 mM PBS (pH 7.4), 37 ºC, 
40 mM AAPH. 
OxHLIA a 
A7 163 Fig. 1d PtzNH (0, 20.3, 30.5, 37.3, 
50.8, 61.0 µM) 
10 mM PBS (pH 7.4), 37 ºC, 
40 mM AAPH. 
OxHLIA a 
A8 163 Fig. 1e PozNH (0, 9.27, 10.8, 12.4, 
13.9, 15.5 µM) 
10 mM PBS (pH 7.4), 37 ºC, 
40 mM AAPH. 
OxHLIA a 
      
      
B: OTHER EFFECTOR ANALYSIS 
      
      
E1 162 Fig. 3 AAPH (0-(20)-100 µM). 0.7% (v/v) in PBS (pH 7.4), 
37 ºC. 
OxHLIA a 
E2 159 Fig. 1 DTAB surfactant (2.25, 4.5, 
5.625, 6.75, 11.25 %). 
10 mM PBS (pH 7.4), 37 ºC. Osmotic fragility 
test a 
E3 157 Fig. 7 NaHCO3 (1, 1.5, 1.8, 2 
mM). 
pH 7.2, 20 ºC. Isotonic hemolytic 
test a 
E4 155 Fig. 4 Temperature (15, 20, 25, 
30, 35, 40, 45 ºC). 
10 mM PBS (pH 7.4), 
palytoxin (0.25 pg/µL). 
Palytoxin hemolytic 
capacity c 
      
      
a test-tube format. 
b microplate format. 
c half-way between test-tube and microplate format. 
      
      
 
4.3. Mathematical modeling for the kinetic description of the survival erythrocyte 
population 
 
In an open system, in the presence of enough quantity of initiator (AAPH) and in the absence 
of an A, the peroxidation of the erythrocyte membrane would be exhaustively at sufficiently 
long times, causing its rupture, producing asymptotic responses that would correspond to the 
erythrocyte population mixed in the solution. The responses are normalized as previous work, 
but for this case the standardized response is presented in percentage of the erythrocyte 
survival population. 
 




The above previous works 155,158,159 reflect as the most appropriate alternative the use of 
sigmoidal profiles to describe the kinetic hemolysis of erythrocytes. In accordance with other 
authors, we have also found that the Weibüll survival distribution 104 is a suitable solution for 
the analysis of OxHLIA survival responses. The function can be formulated in terms of the 
variables t (time) and the response R of (survival erythrocyte population) as described in Eq. 
[22] making explicit the  parameter. 
 
The rate values can be obtained with some algebraic modifications from Eq. [22] as presented 
previous sections. Apart from the  parameter, other interesting ones can be obtained, such as 
the maximum rate of hemolysis (vm, in Eq. [24]), the rate at the  value (v, Eq. [25]) and the 
lag-phase (λ, Eq. [27]). Regarding the appearance of a lag-phase, since no induction period 
was observed in micelle model systems, this feature of the profile in the OxHLIA survival 
responses is attributed 164 to the action of antioxidants present in the erythrocyte membrane. 
The confidence intervals of vm, v and  could be estimated by means of the reparametrization 
of Eq. [22] to make such values explicit, but the result is less operative than the robust 
estimation of the  parameter 143. 
 
 
Figure 20: Kinetics of the hemolytic oxidation at different antioxidant concentrations, and relationships among the 
concentration of A and the parameters that characterize its capacity. Plot A, shows the kinetic series of the survival 
erythrocyte population fitted (lines) to the kinetic Eq. [22] using the antioxidant TRO at various concentrations 0-(25)-125 µM 
(dots). The results were obtained from the study of Takebayashi et al. 153 (case A1 in Table 15) who recently made a detail 
revision of the method. Parametric estimations are showed in Table 16. Plots B, C and D, show the pattern of the parametric 
responses as a function of the A concentration. The parameters  and λ shows a linear behavior, while the rate parameters 
of v and vm display a decreasing asymptotic hyperbolic relation. 
 
4.3.1.1. Application to bibliographic antioxidant data 
 
Figure 20 (A plot) shows the typical time-dose response of hemolysis curves using the 
antioxidant TRO at various concentrations 0-(25)-125 µM (dots). The results were obtained 
from the study of Takebayashi et al. 153 (case A1 in Table 15) who recently published a 
detailed revision of the method. The collected data was normalized in percentage of the 
survival population of erythrocytes and fitted (lines) to the kinetic survival function [22]. 
Parametric estimations are shown in Table 16. Statistically significant results were found 
continuously, the equation was consistent (Fisher’s F-test) and the goodness of fit coefficient 
of determination was higher than 0.98. Figure 20, plots B, C and D, showing the pattern of the 
parametric responses as a function of the A concentration. The parameters  and λ show a 
linear behavior, while the rate parameters of v and vm display a decreasing asymptotic 




hyperbolic relation. Any of those parameters can be easily described via simple functions. 
Such a description produces detailed information, summarized in parameters that can be used 
to compare the AC of compounds, as example.  
 
º              
Table 16: Parametric estimations and statistic information of the kinetic series of the survival 
erythrocyte population inhibited by the antioxidant TRO and fitted to the kinetic Eq. [22]. 
              
              
effector kinetic parameters statistics reparametrizations 
              
%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
              
Trolox K τ 
R2adj 
v vm λ 
(µM) (% Ert) (min)  (% Ert/min) (% Ert/min) (min) 
              
%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% 
              
0 100 ±1.15 68.12 ±10.03 4.59 ±2.48 0.9992 2.34 ±1.01 2.35 ±0.88 39.92 ±12.12 
25 100 ±1.15 86.05 ±10.63 6.44 ±5.17 0.9993 2.59 ±0.98 2.63 ±0.47 59.87 ±17.22 
50 100 ±1.15 102.96 ±10.74 8.26 ±7.73 0.9984 2.78 ±0.75 2.85 ±0.65 78.16 ±21.34 
75 100 ±1.15 117.26 ±10.53 10.14 ±6.89 0.9988 3.00 ±0.68 3.09 ±0.32 94.04 ±18.75 
100 100 ±1.15 130.76 ±10.47 11.20 ±6.92 0.9987 2.97 ±0.59 3.06 ±0.89 107.22 ±21.24 
125 100 ±1.15 144.26 ±10.60 10.86 ±8.30 0.9971 2.61 ±0.85 2.69 ±0.97 117.51 ±31.25 
              
              
 
Most of this information is already well-known 53,81,151. However, authors 80,81,162 obtain the  
parameter, the most consistent one, by graphical analysis, and then a linear analysis is used to 
analyze the dose effect. Occasionally, Eq. [22] or similar are used 163 to extract the relevant 
information from the kinetic survival curve and then, the dose effect over the parameter is 
analyzed separately in linear terms. In both ways and as we have done in Figure 20, the 
analysis is performed in a two steps procedure. The statistical information of the parameters 
found in the first step is lost in the second one. Even if we compute the parametric estimations 
of the second step, it does not take into account the variable involved in the first step. Thus, 
among other problems, the two-step procedure lacks in a proper statistical estimation.  
 
When the kinetic OxHLIA survival responses were produced in the test-tube format, simple 
approaches seem to be acceptable. However, since the development of the microplate 
procedure, effortless time-dose data can be obtained and more complex or robust solutions are 
recommended. Next, general alternatives, including those to describe the A responses to build 
simultaneous solutions for most typical modifications of the kinetic erythrocyte survival curve 
by common tested effectors, are discussed. 
 
4.3.2. Mathematical model of effectors altering the kinetic description of the survival 
erythrocyte population 
 
The development of a theoretical model is greatly facilitated by the possibility of combining 
all experimental data into a single master curve that is able to account for the important 
variables simultaneously. Such a solutions allows to control most factors that affect the 
system, helping to standardize the key variables for producing reproducible protocols and 
therefore to obtain reproducible results. Despite the existence of very rigorous results 
regarding the kinetics and the factors affecting the kinetic curve of the survival erythrocyte 
population, simultaneous solutions are not always performed, and by applying them, we can 
provide key knowledge to understand partially the governing mechanisms. 
 
4.3.2.1. Possible effector variations on the kinetic description of the survival erythrocyte 
population 
 
We considered an effector as a variable or chemical entity that can cause a shape variation on 
the kinetic curve of the survival erythrocyte population. For example: the surfactant or NaCl 
concentration, typically applied in the osmotic fragility test; environmental variables such as 




pH and temperature; pro-oxidants such as AAPH; and the case where we are centralizing in 
this study the effect of inhibitors of radical formation (A agents). Unfortunately, due to the 
diversity and complexity of the perturbations of those effectors over the survival erythrocyte 
population curve, it is complex to postulate one empiric model that could be applied 
indiscriminately to produce all corresponding shape variations. The perturbations caused can 
be very different and affect one or various parameters of Eq. [22] (or any other reparametrized 
form). In general terms, four of the most common perturbations (linear, hyperbolic, sigmoidal 
and bell modifications) over the kinetic curve of the erythrocyte survival population are 
summarized in Table 17. 
 
   
   
Table 17: Four of the most common effector perturbations (linear, hyperbolic, sigmoidal and bell 
modifications) on the kinetic description of the survival erythrocyte population. 
   
   
Effector relation Model choose to modify parameters of eq. [22] Eq. nº 
   
   
Linear (L): 1 2( )L e e l l    [42] 
   
   
Hyperbolic (H):  1 2( ) 1 expH e h h e      [43] 
   
   
Sigmoidal (S):   31 2( ) exp ln 2
s
S e s e s  
 
 [44] 
   






( ) 1 ln
b
b e e
B e b b
b b b
      
       
       
 [45] 
   
   
NOTATIONS: 
   
l1 is the slope (t/e units); l2 the intercept (t units); h1 the asymptotic value of the hyperbolic relation (parameter 
modified units); h2 (1/e units); s1 the asymptotic value (parameter modified units) of the non-linear relation, s2 
the IC50 value (e units); s3 a shape parameter related to the maximum slope of the response; b1 the maximum 
value (parameter modified units), b2 related to the distance between the tails of the function, b3 a value related to 
the asymmetry of the bell profile and b4 the effector value at which b1 takes place. 
   
   
 
Those pattern descriptions suggest different mechanisms of the cell lysis process. However, as 
in the previous section, because of the heterogeneity of the mechanistic reactions, it is 
difficult to characterize in mechanistic terms the hemolysis. Therefore, modeling with 
phenomenological approaches is the most appropriate solution to consider. When the previous 
phenomenological models are used we are not uncovering the mechanistic relations, but the 
hemolytic responses are a complex set of sequential and parallel reactions that represent, to an 
extent, one of the phenomenological curves.  
 
In this regard, linear variations over the parameter  have been found when describing the A 
inhibitory effects over the erythrocyte survival curve 81,151,153. Hyperbolic ones have been 
found, when describing the effects of P agents, such as AAPH 162. Sigmoidal effects also have 
been found, when describing the concentration of the surfactant or agents such as NaCl or the 
toxic palytoxin 155,158,159. Bell profiles are normally found when analyzing the effects of 
variables such as temperature or pH 155. 
 
The reader should note that the equations available to describe H, S and B relations are 
diverse. We have selected the ones that we felt appropriate, but many different ones could be 
used. 
 
4.3.2.2. Simultaneous solution to describe the effector modifications over the kinetic curve of 
the survival erythrocyte population. Bivariate approach 





To introduce any of the previous phenomenological effector functions affecting the survival 
erythrocyte Eq. [22], but without altering the kinetic parameters in such mode as described in 
previously for Eq. [33]. Therefore, it could be established the following rule for any type of 
effector function (more than the ones established in [33]) affecting the parameters of Eq. [22] 
as follows: 
 
 1Cm f e       ;   where:   , ,K    [46] 
 
in which mθ is the modified final function for the parameters θ present in Eq. [22] and f (e) is 
the different functions effector perturbing the parameters of Eq. [22]. Thus, when any 
parameter θ is perturbed by f (e), it becomes also a function of the variable e, but its original 
value without perturbation (or control, θC) remains intact and so its statistical information. 
Therefore, a bivariate equation can be formulated, as a function of t and the modifier e, 
increasing significantly the descriptive capabilities of the model for real cases. In its more 
complete case, the proposal would be as follows: 
 
   , exp ln 2
m







In consequence, when an entire set of kinetic profiles is simultaneously described by Eq. [47], 
the term mθ typifies the specific variation, characterized by the mechanism caused due to the 
effector variable. Such a characterization allows using one (in the case of a L relation) or 
various parameters (for H, S or B relations) of mθ and its statistical information for different 
purposes. This multivariable characterization is especially robust, minimizing the effects of 
random and systematic errors. As stated by many authors before 131,132, optimally and efficient 
data analysis should involve simultaneous description of all curves, rather than fitting each 
one individually.  
 
The simultaneous curve-fitting reduces the number of parameters needed to analyze the 
response, is a more informative approach and provides better estimations of parameters, and 
finally reduces their interval of confidence 143. In addition, once all the modes of action are 
mathematically known, if the experimental curves obtained do not span the full range and 
some of them fail to provide information about one or more of the parameters of the equation, 
the bivariate application describes simply and accurately all the responses. 
 
The reader should note that we have selected Eq. [22] as the principle model to perform the 
analysis of the effector agent. Thus, we have selected the form that makes explicitly the  
parameter and avoided the other possible reparametrizations that provide other parameters of 
interests (vm, v and ). Such a preference, shared by many other authors in many different 
fields, should not be a restriction. Those other reparametrization forms could be used, but the 
essence of the simultaneous approach should be kept. 
 
In the following, the specific OxHLIA survival responses produced by the action of A 
effectors are analyzed in detail first, in which a simple simultaneous time-dose model is 
presented. The model is verified using kinetic data effects of a dose-response of several 
antioxidants collected from the bibliography. Secondly, other typical modifications by other 








4.4. Verification of the bivariate procedure with experimental data from bibliographic 
results to describe antioxidant agents as effectors 
 
An oxidation inhibitor can be characterized in detail by the variations caused in the 
parameters of Eq. [22], all of them with precise meanings, as well as theoretical and practical 
interest with respect to the oxidation kinetics. In open systems, the asymptotic parametric 
value (K) will always reach the maximum oxidizable value (in this case the 100% of the 
erythrocyte population). Thus, as a function of an A effector, the K parameter should not be 
modified by its action and remain constant. Regarding the parameters  and , as suggested 
by the authors 81,151, they should be modified by a L relation. Therefore, by inserting relation 
Eq. [42] modifying the parameter  and  of Eq. [22], a bivariate model is obtained, as a 
simultaneous function of time and the modifier concentration. Figure 21 shows the 
antioxidants (Table 15, case A1) presented in Figure 20, analyzing simultaneously the time 
and the dose. The statistical results are displayed in part A of Table 18 (case A1). From such 
determination, the parameter l1 (min/µM of TRO), modifying the  parameter of the kinetic 




Figure 21: Trolox antioxidant case (A1, Table 15), presented in Figure 20, analyzed simultaneously in terms of time and the 
dose by Eq. [47]. Statistical results in part A of Table 18 (case A1).  
 
When we assume that the half-life () is linearly modified by the presence of an A, such a 
behavior translates that each A molecule is able to capture the same amount during the time of 
the assay, independently of the type and the degree of polarity of the radicals generated. Also, 
it implies that in solution the antioxidants stability remains persistent during the time of the 
assay. This pattern has been found in other kinetic responses from different methodologies 53.  
 
Figure 22 shows the analysis for other five cases collected from literature data (A2-A6, Table 
15). As in the previous case, the data could be modeled by inserting the linear relation Eq. 
[42] modifying the parameters  and  of Eq. [22]. Parametric estimations and statistical 
information of the fittings are found in Table 18.  







   
 
Figure 22: Graphical representation of the time-
dose A responses collected from the 
bibliography (enumerated in Table 15) adjusted 
to Eq. [47] perturbed by Eq. [42]. 
 




Linear variations are successfully applied to the data published by different authors, when we 
simultaneously allowed non-linear relations, such as H or S, occasionally some improvements 
are obtained (data not showed). However, this saturated effect was weak and most of the 
attempts showed a non-significant solution of at least one parameter. The non-linear pattern 
descriptions could uncover a saturated effect over the hemolytic reaction. This saturated 
response behavior has been already described in similar A responses by means of a hyperbolic 
effect over one or several parameters of the equation describing the kinetic oxidation. As 
example, the responses described in the LDL 134, β-carotene 15, crocin 66 assay reactions to 
evaluate antioxidants. In any case, the apparently consistent linearity of the responses 




Table 18: Numeric results corresponding to the time-dose antioxidant responses collected from the 




PARAMETRIC ESTIMATES STATISTICS 
 
 




K τ α τ modifier (l1) α modifier (l1) 
 
 
A1 Trolox 100.0 ±0.5 70.5 ±0.9 4.83 ±6.9 0.0086 ±2.2 0.0121 ±16.5 0.9973 
A2 Trolox 100.0 ±0.3 84.2 ±0.4 5.50 ±3.6 0.0063 ±1.4 0.0115 ±9.7 0.9993 
A3 A. Acid 100.0 ±1.1 139.8 ±1.8 4.97 ±12.4 0.0032 ±4.6 0.0030 ±37.2 0.9937 
A4 CazNH 100.0 ±1.1 199.7 ±1.3 5.03 ±12.2 0.0470 ±0.3 -0.0092 ±11.9 0.9877 
A5 IsbNH 100.0 ±1.0 208.1 ±1.4 5.07 ±7.5 0.0356 ±3.9 -0.0073 ±46.8 0.9884 
A6 DpaNH 100.0 ±1.7 222.6 ±1.8 6.48 ±11.5 0.0798 ±4.4 -0.0169 ±47.8 0.9713 
A7 PtzNH 100.0 ±0.8 209.0 ±1.2 6.65 ±7.9 0.0184 ±2.9 -0.0031 ±47.4 0.9892 
A8 PozNH 100.0 ±0.9 186.5 ±1.3 9.09 ±11.3 0.1014 ±2.6 -0.0295 ±20.6 0.9890 
 
 




4.5. Extension to other effector analysis 
 
It is known that other effectors, such as metals, surfactants, temperature or light intensity are 
harmful to cell membranes, damaging it structure and eventually causing hemolysis. Such 
effectors, as the A concentration, are dose-time dependent. Those effectors can be the interest 
in the AC determination since they can also destabilize AC. Understanding and describing its 
effect over the kinetic erythrocyte population curve is crucial in order to be able to quantify 
the changes that those effectors may produce.  
 
More specifically, surfactants cause hemolysis, but also are commonly used to help 
hydrosoluble compounds to be solubilized in lipophilic environments or inversely. In this 
sense, in the OxHLIA analysis, researches could be interested to investigate, how a 
hydrophilic A may be able to penetrate beyond than the surface of the erythrocyte membrane, 
by adding different concentrations of a surfactant while studying the time-dose effect of an A. 
We have not found any bibliographic data available, but there are plenty of studies that deal 
with the hemolytic effect of surfactants. Therefore, by being able to describe its effect in a 
time and effector dependent form, we are providing the basis for postulating more complex 
multivariable models (time, A and surfactant dose effect). As well as in the case of 
surfactants, other agents or variables may be of interest to determine its effect to provide the 
base for more intriguing effects over the AC of compounds in the OxHLIA, such as the 
temperature or P agents.  







   
 
Figure 23: Graphical results of applying the kinetic Eq. 
[22] or any other reparametrization form to the survival 
erythrocyte population curve affected by different 
effectors varying one or more parameters with one or 
various of the phenomenological functions described –
Eq. [42], [43], [44] and [45]-. 
 
 




Although the modifications produced by other variables (or effectors) over the kinetic 
erythrocyte population curve have been studied in detail and in many diverse reactions, this 
bibliographic data in many occasions is incomplete in the variable range studied or the effect 
is mixed with other variables. In addition, the data frequently is presented only in a 3D graph, 
which makes its data digitization nearly impossible. Thus, after an extensive search, only a 
small quantity of available examples could be used to test the general applicability of the 
general master model proposed. Table 15 (part B) shows the examples selected. They 
involved different effectors of different hemolytic assays, affecting the kinetic survival 
erythrocyte population curve. 
 
The results of applying kinetic Eq. [22] or any other of its reparametrizations forms to the 
survival erythrocyte population curve affected by different effectors varying one or more 
parameters with one or various of the phenomenological functions described –Eq. [42], [43], 
[44] and [45]- are presented in Figure 23. Independently of the mechanistic interpretation that 
can be inferred by analyzing the specific behavior of the characterizing parameters from Eq. 
[22] and modified by the actions of effectors. The time and effector dependent function used, 
it produces consistent and meaningful criteria to characterize and quantify the survival 
erythrocyte population minimizing the effects of the error produced by the experimental 
conditions.  
 
In this regard, when studying the capacity of P agent AAPH 162 (E1, Table 15) over the 
kinetic erythrocyte population curve (Figure 23, part A), a H decreasing behavior affecting the 
parameter  and a L increasing relation for the parameter  are found. Those phenomenoligal 
effector responses over the erythrocyte population curve, traduces a saturated effect produced 
by the AAPH agent. Figure 23 (part B) shows a typical response in the osmotic fragility test 
caused by the surfactant DATB 159 (E2, Table 15). The parametric modifications over the 
parameters are inversely to those found for the previous case (H decreasing relation for  and 
L increasing one for ). When observing the isotonic resistance test responses 157 (E3, Table 
15), using increasing concentrations of ammonium chloride (Figure 23, part C), L modifier 
relations are found for the parameters  and . Finally, using the effect of temperature over 
kinetic erythrocyte population curve 155, Figure 23 (part D) shows the case in which a bell 
type curve is found useful to characterize the effector pattern. As example, we have used the 
reparametrized form Eq. [25], making explicit the parameter that accounts for the rate of the 
process when the 50% of the population are lysed (v% erythrocyte lysis / h). The value v is 
modified by B type function and the  by a L decreasing one. For all the assayed effectors, 









5. A new mathematical model to quantify and characterize the response to pro- 
and anti-oxidants of the copper-induced oxidation of LDL assay. A tool for 
examination of potential preventive compounds and clinical risk prediction. 
 
The copper-induced oxidation of low density lipoprotein (LDL) particles represents a 
particularly suitable method for studying, both in vitro and in vivo, the effects of a number of 
alimentary, environmental and lifestyle factors on the mechanism of a biochemical process 
involved in many oxidative stress-related diseases, such as atherosclerosis, which affects 
around 50% of the occidental people. The available data about the role of pro- and anti-
oxidants in LDL dynamics are abundant, but often, only semi-quantitative conclusions can be 
achieved. The lack of detailed algebraic models, the concomitant difficulties for assessing the 
statistical consistence of the results and designing definite experiments, and a certain shortage 
in characterizing criteria are some of the causes hindering the advances in a field which is per 
se very complex. The approach we propose describes, in an algebraically explicit way, the 
complete and generally biphasic time-course of the diene formation –as well as the peroxide 
profile– in LDL particles, including the separate or joint effects of any series of pro- and anti-
oxidant concentrations. The model was tested using experimental results from other authors 
under different conditions, and very accurate and statistically consistent fittings were obtained 
in all the cases. Results, which enabled rigorous and detailed comparisons between LDL 
responses to OM, suggest an alternative criterion to predict the risks of occurrence of stress 
diseases. Thus, the basis of more complex multivariable models is provided.  
 
5.1. Current situation of the copper-induced oxidation of LDL assay 
 
LDL particles can be a risk for cardiovascular disease when they invade the endothelium and 
become oxidized 165. The oxidized forms are more easily retained by arterial proteoglycans 
and they attract macrophages that engulf them, starting the formation of plaques. A high 
plasmatic level LDL promotes an excessive cholesterol deposit on the arterial walls and a 
proliferation of fibrous tissue producing the plaques causing atherosclerosis. Over time 
vulnerable plaques rupture activate blood clotting and produce arterial stenosis, which if 
severe enough, results in heart attack, stroke and peripheral vascular disease symptoms and 
major debilitating events.  
 
The LDL are spherical particles (mean 2.5×106 Mw) containing about 1600 molecules of 
cholesterylester and 170 of triglycerides, which form a central lipophilic core. This core is 
surrounded by a monolayer of about 700 phospholipid and 600 free cholesterol molecules. 
The polar heads of the phospholipids are located at the surface of the LDL particle and 
contribute to the solubility of LDL in an aqueous phase. A large protein termed 
apolipoprotein B-100 (apo B-100) is embedded in the outer layer. Half of the total fatty acid 
molecules bound into different lipid classes in an average LDL molecule are polyunsaturated 
fatty acids (PUFAs), mainly linoleic acid with minor amounts of arachidonic acid and 
docosahexaenoic acid 136,166. The fatty acid content of LDL and their distribution pattern can 
vary considerably from donor to donor. The PUFAs in LDL are protected against free radical 
attack and oxidation by a number of endogenous lipophilic antioxidants (i.e., α- and γ-
tocopherol, carotenoids, oxycarotenoids, ubiquinol-10), of which α-tocopherol is by far the 
major A. Additionally, the plasma contains a great variety of water-soluble and lipid-soluble 
antioxidants. Similarly to the PUFAs, the endogenous and exogenous A present in or around 
the LDL molecules varies significantly between individuals. These individual variations from 
PUFAs and antioxidants are likely to have a significant effect on the oxidation behavior of 
different LDL samples 167 and also are very likely to be influenced by different dietary habits 
36,168. Epidemiological studies have established an inverse correlation between the intake of 




natural exogenous antioxidants and the occurrence of oxidative stress-related diseases such as 
atherosclerosis, inflammation, cardiovascular problems, cancer, and aging-related disorders. 
Those facts have been demonstrated in clinical trials 84,165,169–171 by inducing diets of higher A 
content, founding reductions of the LDL oxidation. Therefore, researchers have suggested to 
use the LDL oxidation 136,166 as regular laboratory test to evaluate the early risks of oxidative 
stress-related diseases and to assess the clinical state of some patients with specific medical 
profiles. In addition, researchers have also used the oxidation analysis of LDL for testing the 
benefits of food and beverages as antioxidants for disease prevention 35 and the identification 
of possible P substances 84,136,172. 
 
In general, the LDL oxidation processes 82,172,173 includes the four following stages: 1) lag-
initiation: fatty acid (LH) oxidation is inhibited by the A content of the particle, until the 
exhaustion of its capability and the consequent beginning of the diene formation, mainly as 
peroxyl radicals (LOO); 2) propagation: in an autocatalytic process, LH are exponentially 
oxidized by peroxyls, meanwhile a simultaneous production of hydroperoxides (LOOH) takes 
place; 3) decomposition: alkoxy and peroxy radicals (LO, LOO) are derived from 
hydroperoxides; 4) termination: degradation products are formed from alkoxy and 
hydroperoxy radicals (aldehydes, ketones and epoxides). However, one should keep in mind 
that the phases temporarily overlap and the capacity of endogenous antioxidants plays an 
important role in the reaction rate at different stages and not only on the initial lag-phase. 
 
The oxidation state of LDL can be assessed through the time-related analyses of several 
oxidation products, such as, tiobarbiturate-reacting compounds (TBARS), conjugated dienes, 
hydroperoxides, aldehydes, disappearance of antioxidants or polyunsaturated fatty acids 
(PUFAs), the fragmentation of apo B-100, etc. Alone, none of them can tell us perfectly the 
oxidation state of LDL and the possible causal interrelationships between the different events. 
However, in general, it is accepted that LOOH concentration until the middle of the 
decomposition phase is directly reflected by the diene formation 173, thus a common approach 
is based on the kinetics measurements of the formation and decomposition of conjugated 
dienes after inducing the oxidation of LDL by copper ions 82–84. Strong evidences of the 
correlation between the LOOH concentration and diene formation at the early stages of the 
LDL oxidation were found by Pinchuk et al. (1998) 172. The copper-induced oxidative LDL 
method facilitates to consider the kinetic perspective -an essential aspect that is not always 
taken into account- and since the superficial electronic charge of LDL particles gives them a 
hydrosoluble character in any oxidation state, the reaction can be effortlessly followed in an 
aqua solution measuring directly the diene formation. Its main weakness is an insufficient 
formalism, which prevents the quantification of its statistical reliability and loses a part of the 
relevant information that can be drawn from the experimental results 174.  
 
The lack of detailed algebraic models causes difficulties for assessing the statistical 
consistence of the results and expansion of the outcomes obtained by experiments. 
Additionally, when assessing the capability of compounds to delay the oxidation of LDL, it is 
important to note that each subject's LDL exhibits its own characteristic kinetics and that 
sample-to-sample variation can therefore be a serious problem if kinetic data from different 
experiments with different LDL preparation need to be compared 136,175,176. Although those 
weakness points are not trivial, the method has become a particularly suitable tool for 
studying the LDL oxidation process and the relationships between the oxidizability of the 
PUFAs content and the endogenous/exogenous A capabilities 177–180. The available data 
regarding the involvement of pro- and anti-oxidants in the kinetics of LDL oxidation are 
abundant, but often only semi-quantitative conclusions can be achieved due to the difficulty 
of verifying a detailed kinetic model considering the complexity of the LDL oxidation. The 
experimental designs are frequently intuitive and many of the respective abundant 




bibliographical data are incomplete from a dose- and time-dependent point of view, 
preventing the full characterization of the relevant regularities of the response. 
 
In the current section, we propose a non-linear mathematical application to describe formally 
the diene time course throughout the entirety of the mentioned reaction sequence by means of 
a bivariate model, as a simultaneous function of the time and the concentration of any agent 
able to modify the oxidative process. This description proved to be statistically consistent and 
robust against error. At the same time, it produced a more global and detailed characterization 
than the usual one and it revealed regularities suggesting some interesting general 
mechanisms underlying the behavior of the system studied.  
 
At first, the problems of the conventional analytical procedures, based on graphical analysis, 
to describe the pro- and anti-oxidants in the kinetics of LDL oxidation, are discussed. Then, 
by bringing across well establish mathematical models from other similar analytical methods, 
a more robust quantification tool, statistically consistent and free from the controversial 
aspects of the conventional procedures, were successfully applied to different combinations of 
OM agents. However, both solutions ignored the different phases of diene formation and 
focus only on the first phase, which is believed to be the relevant one. We have considered 
such a believe as a mere simplification and therefore, a new, complete and meaningful time 
and dose dependent model is developed to completely characterize the different diene 
formation phases produced during the oxidation of LDL. Thus, the model was validated and 
tested with pro- and anti-oxidant data from bibliographic references. Finally, to illustrate its 
capabilities, the new outcomes of the developed solution will be confronted against these 
established analytical methods. 
 
5.2. The conventional analytical procedure 
 
It is applied combining a kinetic perspective with the consideration of the variations in the 
kinetic parameters determined by the OM under study. 
 
5.2.1. Graphical analysis of the time response of each dose to extract the relevant kinetic 
parameter 
 
The kinetic part is solved in general by the graphical method illustrated in Figure 24, in which 
the simultaneous consideration of levels (Figure 24A) and rates (the corresponding numerical 
derivative: Figure 24B) makes easy to visualize the resource 175,181–184. Although the use of all 
of them is not frequent, the essential parameters for characterizing the process are: 
 
K: maximum diene level, at the time in which its formation rate becomes null 
(intersection of the derivative with the abscissa axis). It would be an asymptotic value 
if dienes were stable, but in fact it is a maximum followed by a drop and a subsequent 
increase. The latest two phases are excluded from analysis, despite they are not 
irrelevant. 
tK: time at which the maximum diene of the first formation phase is achieved. 
vm: maximum rate (maximum of the numerical derivative). 
 or tvm: time corresponding to half-maximum (K/2) diene level, which also corresponds to the 
time at which the maximum rate (vm) is achieved. 
 or t: lag time, in which the rate of the process can be considered negligible. It corresponds 












Figure 24: Criteria for identifying the parameters of the copper-induced oxidative kinetics of LDL by the conventional 
graphical method. A: diene concentration profile; B: rate of the diene formation profile (numeric derivative of A). See text for 
details. 
 





5.2.2. Mathematical dose-response analysis of the OM 
 
After the graphical analysis, the treatment is completed by quantifying the variation of one or 
more of the specified parameters as a function of the concentration of the OM agents under 
study. The more frequently selected parameter is , which in general increases linearly with 
the A concentration 84. When the  results behave linearly as a function of the OM, the slope 
is used as the comparison term and when the response behaves non-linear typically, the dose 
at which the inhibition reaches the 50% (IC50) is used as the parameter for comparative 
analyses. Also, the vm has been suggested because of it increases with the Cu
2+ concentration 
according to a hyperbolic equation like the Michaelis-Menten one 134. 
 
5.2.3. Problems with the traditional step by step analyses 
 
Although such a double approach is correct, it seems contradictory that the algebraic tools are 
reserved only to the second part of the procedure, which prevents the statistical validation of 
the results as a whole. The statistical information of the parameters found in the first graphical 
step is lost, and even if we compute the parametric estimations of the second step, it does not 
take into account the variable involved in the first step. Thus, among other problems, the two-
step procedure lacks in a proper statistical estimation.  
 
In addition, the graphical definition of  –or its algebraic translation– does not imply a null 
response during the lag time, but only a low response, which varies depending on the rest of 
the kinetic parameters. For instance, similar dose-responses with dissimilar shape profiles has 
a major impact on the results produced 185. In addition, as described in previous sections, 
many authors emphasized the particular difficulties in estimating the lag phase parameter 
137,185. The value of  is very sensitive to the experimental error and the inaccuracies of the 
graphical method. Lastly,  values are inadequate for assessing pro-oxidants, which promote 
their decrease and pile up their variations into a small interval. Even accepting to limit the 
analysis to the stretch up to the first maximum, we believe that a preferable general solution is 
the half-life parameter () obtained when this maximum is considered as the asymptotic value. 
 
When the kinetic responses were produced in a test-tube format, simple approaches seem to 
be acceptable. However, since the development of microplate routines, effortless time-dose 
data can be obtained and more complex and robust approaches to describe the responses are 
recommended. Next, general alternatives from similar fields of studies, including those to 
describe the responses to build simultaneous solutions for most typical modifications, are 
discussed and tested. 
 
5.3. Application of current mathematical quantification alternatives to partially describe 
the LDL oxidation. 
 
Although the previous graphical analysis was and is widely used, with the expansion of 
computer programs, authors have chosen simpler applications and less susceptible to human 
error to obtain the previous parameters to characterize the response. In fact, to avoid this lack 
of statistical meaning of the results, the kinetic perspective is solved sometimes –rarely– using 
the logistic S-shaped equation 31,175,186. 
 
As discussed in the introduction, the profiles of formation of conjugated diene during the lag 
and propagation phase are believed to reflect the concentration of LOOH derived from the 
oxidation of the lipidic fraction present in the LDL. The traditional option is the analysis with 
S-shaped equations to characterize the response. Several S-shaped equations without intercept 




(Hill Eq. [8], Gompertz Eq. [9] Richards-Chapman Eq. [10] or Weibüll Eq. [22]) could be 
very suitable options. Authors 4,14,15,31,53 have identified, directly or indirectly, the ability of S-
shaped functions to describe the corresponding kinetic profile. However, these type of 
functions can only be used to partially adjust the response of the first part of the formation of 
dienes to the cutting point with the abscissa of the first derivative (or partial asymptote as 
described in Figure 24), irrespective of the subsequent phases of diene formation, which are 
assumed negligible value in their characterization. Adequate mathematical models are 
available for the analysis of such phenomena. In this regard, recently, the Weibüll mass 
function has been proposed and applied to describe the kinetic profile of the oxidation of 
diverse systems 15,53,66,187. These approaches are next transferred to describe partially the 
kinetic first phase of diene formation, individually to each dose (univariate) or globally to all 
doses (bivariate). 
 
     
Table 19: Description of the references used to collect data to be analyzed in this study, the figures, 
agent involved and some relevant conditions of the assays. 
     
     
CASE FIG. CONDITIONS AGENT REFERENCES 
     
     
A: ANTIOXIDANT EFFECTOR ANALYSIS 
     
     
C1 Fig. 1 
LDL (100 g/mL) humans donors, 
pH 7.4 (PBS), 25 M Cu2+, 37 ºC, 
234 nm. 
Hydrolysate of peanut protein, 
EHPP (0, 10, 20, 50 and 100 
g/mL). 
Hwang et al. (2010) 188 
C2 Fig. 3B 
LDL (50 g/mL) humans 
donors, pH 7.4 (PBS), 10 M 
Cu2+, 37 ºC, 234 nm. 
Isorhamnetin Glucoronides 
(0.5 M). 
Manach et al. (1998) 189 
C3 Fig. 1 
LDL healthy humans 0.1 M, 
pH 7.4 (PBS), 1.6 M Cu2+, 37 
ºC, 234 nm. 
Chondroitin 4-sulphate (0, 
0.25, 0.5, 1 and 2 mg/mL). 
Albertini et al. (1997) 190 
C4 Fig. 1A 
LDL (50 g/mL) humans 
donors, pH 7.4 (PBS), 10 M 
Cu2+, 37 ºC, 234 nm. 
Commiphora mukul extract (0, 
1, 2, 10 and 25 g/mL). 
Wang et al. (2004) 178 
C5 Fig. 3 
LDL (25 g/mL) humans donors, 
pH 7.4 (PBS), 10 M Cu2+, 37 ºC, 
234 nm. 
Tetradecylthioacetic acid (0, 5, 
10, 15 and 20 M). 
Pettersen et al. (2001) 191 
C6 Fig. 1A 
LDL (50 g/mL) normolipidemic 
humans, pH 7.4 (PBS), 6 M 
Cu2+, 30 ºC, 234 nm. 
Active simvastatin (0, 5, 10, 
20, 30, 40, 50, 75and 100 M). 
Girona et al. (1999) 192 
     
     
B: PROOXIDANT EFFECTOR ANALYSIS 
     
     
C7 Fig. 2 
LDL (91 M) humans donors, 
pH 7.4 (PBS), 30 ºC, 234 nm. 
Cu2+ (0.5, 0.7, 1.0, 1.6 and 5.0 
M) 
Gieseg et al. (1994) 134 
C8 Fig. 1 
LDL (0.1 M) humans donors, 
pH 7.4 (PBS), 37 ºC, 234 nm. 
Cu2+ (0.25, 0.5, 1, 2.5 and 5 
M, middle curves). 
Pinchuk et al. (1998) 172 
     
     
 
5.3.1. Model description: univariate and bivariate approach 
 
Knowledge of dose-time effect would be particularly important in the establishment of 
reference levels and to assess appropriately the effect of OM. Additionally, optimal efficient 
data analysis should involve simultaneous description of all curves, rather than fitting each 
one individually because, if necessary information to describe a parameter of the function is 
missing in one or various curves, this can be completed with the information from the other 
curves. Also, because when the mathematical behaviors of the responses are unlocked, this 
information may provide the base for classification systems that could reveal OM mechanistic 
patterns. Therefore, the method gains characterizing capability and statistical consistence if 
the two perspectives are combined in a single algebraic explicit model. Since any OM alters 
necessarily at least one parameter  (K,  or α) of Eq. [22], its concentration can be included 




in such a equation admitting that any value 0 in the absence of the agent varies in its presence 
as a function H of the OM level. On a purely empirical, but highly versatile basis, it can be 
decided that, in the more complex case, H should be a factor able to model situations in 
which the parametric value increases –or decreases– linearly or with increasing or decreasing 
slope. This is achieved with a hyperbolic form as [33]. 
 
In practice the solution is usually simpler, since the effects of the modifier are in general 
directly (m=0) or inversely (n=0) related to its concentration. In fact, the examination of 
numerous anti- and pro-oxidant agents 15,66 revealed only the following behaviors: (1) In open 
systems (without oxygen limitation) K do not vary, whereas  increases linearly or with 
decreasing slope in the presence of antioxidants, and decreases with decreasing slope in the 
presence of pro-oxidants; (2) In closed systems (with possible oxygen limitation) the only 
difference is the possible decrease of K, with decreasing slope, in the presence of antioxidants. 
 
Thus, without prejudging the anti- or pro-oxidant character of the modifier, the bivariate 
model [34] can be applied, providing, as many times mentioned, the simultaneous description 
of any set of kinetic profiles resulting from the oxidation of a substrate in the presence of 
different concentrations of a modifier.  
                 
                
Table 20: Parametric estimates and CI from fittings of the specified cases to the univariate (Eq. [22] 
and in the other reparametrized forms [24], [25], [26] and [27]) and bivariate (Eq. [34]) models. 
Sources of the used experimental results of C1 (antioxidant) and C7 (pro-oxidant) are indicated at 
Table 19. The CI are presented as a percentage of the parameter value. Note that CI and R2adj were 
computed without taking into account the black dots showed in Figure 25. 
                                
A: UNIVARIATE APPROACH FITTING THE OXIDATION OF LDL PARTIALLY                                 
agent 
(µM) 
     main   kinetic parameters    S              other computed parameters           S 
R2adj 
K τ α vm vτ tK                                  
   A1: univariate approach for describing the antioxidant agent of C1 
                                
0.0 0.865 ±15.5 97.07 ±4.0 4.63 ±16.5 0.0144 ±1.3 0.0148 ±2.5 127.82 ±3.0 31.79 ±12.3 0.9988 
10.0 0.865 ±8.4 120.52 ±3.7 5.01 ±26.5 0.0126 ±6.2 0.0115 ±0.5 164.49 ±9.6 39.47 ±6.8 0.9987 
20.0 0.865 ±4.9 157.62 ±5.7 5.15 ±14.7 0.0099 ±9.9 0.0094 ±2.2 201.15 ±12.0 51.62 ±44.7 0.9987 
50.0 0.865 ±14.7 233.37 ±6.6 4.54 ±8.4 0.0059 ±1.5 0.0061 ±3.3 311.15 ±8.1 76.43 ±23.4 0.9980 
100.0 0.865 ±18.8 389.30 ±7.7 3.70 ±21.7 0.0029 ±0.6 0.0038 ±13.6 494.47 ±10.7 127.50 ±17.7 0.9941                                 
   A2: univariate approach for describing the pro-oxidant agent of C7 
                                
0.50 0.865 ±3.7 219.65 ±4.1 3.46 ±5.2 0.0045 ±0.3 0.0045 ±9.0 310.37 ±16.7 95.22 ±40.1 0.9922 
1.00 0.865 ±1.5 193.89 ±1.2 3.40 ±5.1 0.0054 ±2.1 0.0054 ±3.3 276.08 ±26.3 91.79 ±40.4 0.9960 
1.75 0.865 ±9.6 165.87 ±2.3 3.64 ±14.1 0.0068 ±0.7 0.0068 ±2.2 236.04 ±5.7 86.83 ±0.3 0.9982 
3.50 0.865 ±1.9 124.85 ±4.9 4.24 ±8.8 0.0106 ±3.4 0.0106 ±3.2 174.71 ±42.5 76.55 ±34.2 0.9951 
6.00 0.865 ±0.3 102.01 ±2.4 6.64 ±13.3 0.0177 ±7.0 0.0175 ±2.8 125.90 ±33.0 64.95 ±45.0 0.9926                                 
B: BIVARIATE APPROACH FITTING THE OXIDATION OF LDL PARTIALLY                                 
agent 
    main kinetic parameters    S       modifiers of the kinetic parameters      S 
R2adj 
K τ α mτ nτ mα nα                                 
   B1: bivariate approach for describing the antioxidant agent of C1 
                                
EHPP 0.865 ±9.1 96.01 ±0.9 4.75 ±7.9 0.029 ±1.3 -- -- -- 0.9954                 
   B2: bivariate approach for describing the pro-oxidant agent of C7 
                                
Cu2+ 0.865 ±10.1 240.98 ±0.4 3.02 ±12.4 -- 0.242 ±0.2 0.159 ±7.3 -- 0.9934                                 
 
5.3.2. Application to describe the dose-response of anti- and pro-oxidant responses produced 
in the LDL oxidation method induced by copper 
 




Figure 25, shows the application of the univariate (Eq. [22]) and bivariate (Eq. [34]) 
alternatives to describe the reduction or inhibition of the LDL oxidation, by pro- and anti-
oxidant cases, obtained from bibliographical references (Table 19, C1 and C7). Figure 25A 
(C1), describes the dose-response of the A properties of peanut protein hydrolysates (EHPP: 
0, 10, 20, 50 and 100 µg/mL) after a treatment with esperase for 2 h 188. The LDL induced by 
copper ion was isolated from 3 donors to reduce the variability of the results. Plots A1 and A2 
show the results of applying the univariate and bivariate alternatives (Eq. [22] and [34], 
respectively). In those graphs, the white dots are the ones used for the fitting analysis and the 
black dots are the ones that are excluded. Plots A3-A5 show the more interesting analytical 
parameters and their dose-relations. In those plots, the dots shows the parametric estimates 
obtained with the univariate approach and the lines for the bivariate one. The parameters  
and  show a linear increasing relation, while vm shows an asymptotic decreasing one. Finally, 
the plot A6 shows the correlation between the observed and predicted data for the bivariate 
analysis (R2adj=0.9954). Note that the differences between vm and v are narrow, and the 
analysis has been avoided here and in the subsequent results. Accordingly, the dose-responses 
of  and tK are equivalent and the analysis has also been avoided. 
 
 
Figure 25: Kinetic analysis quantify the response of the copper-induced oxidative LDL method by fitting it partially to the 
univariate (Eq. [22]) and bivariate (Eq. [34]) alternatives to describe the action of anti- and pro-oxidant cases, obtained from 
bibliographical references (C1 and C7 in Table 19). Plots 1 and 2 show the results of applying the univariate and bivariate 
alternatives (Eq. [22] and [34], respectively). In those graphs, the white dots are the ones used for the fitting analysis and the 
black dots are the ones that are excluded. Plots 3-5, show the more interesting analytical parameters and their dose-
relations. Finally, the plot 6 shows the correlation between the observed and predicted data for the bivariate analysis. Table 
20 shows the parametric estimates and statistical results. 
 
In similar terms, Figure 25B (C7), describes the dose-response of a P case (0.5, 0.7 1.0, 1.6 
and 5.0 M of Cu+2 in the reaction mixture) obtained from the work of Gieseg & Esterbauer 
(1994) 134. Accordingly to the previous case, plots B1-b6 describe the same actions for a P 
agent, in which the parameters  and  show an asymptotic decreasing relation, while vm an 
exponentially increasing one.  
 
Table 20 shows the parametric estimates and statistical results for the univariate and bivariate 
analysis of the anti- and pro-oxidant responses presented in Figure 25. Statistically significant 
results were found continuously, the equation was consistent (Fisher’s F-test) and the 




goodness of fit coefficient of determination was higher than 0.98. In general, the dose-
response relation described for the relevant parameters derived are in agreement with those 
found by other authors 134,172,174,176,193.  
 
5.4. A new, complete and meaningful alternative to characterize the oxidation of LDL 
 
The diene formation/decomposition response typically obtained (ups and downs in the curve 
present in Figure 24) could provide more insights than the incomplete description of fitting 
the first part of the response, and in consequence, the conclusions that can be derived. In this 
context, by merging the previous analysis with the mechanistic reactions that take place in the 
LDL oxidation, we formulate a new, complete and meaningful criterion to characterize the 
responses can be developed. Next, at first, the univariate and the bivariate of this new 
criterion will be presented and validated with bibliographic results, and then, an illustration of 
the variations that can take place will be performed. Afterwards, the model will be tested with 
abundant pro- and anti-oxidant data from bibliographic references. Finally, the new outcomes 
of the developed solution will be discussed. 
 
5.4.1. Univariate model for Cu2+ induced LDL oxidation and its validation 
 
If the oxidizable substrate (LH) was exhaustively transformed into dienes (LOO) and these 
dienes were stable, the LH drop (from the initial level K to exhaustion) and the LOO increase 
(from a negligible initial level to the asymptotic level K) would follow strictly complementary 
sigmoidal profiles. However, the actual profile of the diene concentration does not show this 
behavior, because it reflects other two phenomena: (1) A diene consumption through the 
LOOLOOH process, as a consequence of which the increasing slope is less pronounced 
and does not lead to an asymptote, but to a maximum value lower than K, followed by a 
transitory decrease; (2) A secondary diene production, either in radicalized form (LO) or as 
part of decomposition products (DP, such as aldehydes, ketones and epoxides). This 
secondary process –which actually is coexistent with the primary one from the initiation 
phase– is responsible for the subsequent increase to the transitory decrease mentioned above. 
In an open system its limit is again K. 
 
As a result, the real diene time course can be explained in its entirety (not only up to the first 
maximum) as the resultant from three asymptote-sharing sigmoidal kinetics. Using the brief 
notation of Eq. [22] we can write: 
 
       0 0 1 1 2 2, , ,R t K W W W           [48] 
 
Moreover, since in a reaction chain as the studied one the half-lives of the successive 
substrates are interdependent, 1 and 2 can be expressed as products of 0 by two specific 
constants (1 and 2). This implies a parameter reduction which is additional to the one 
derived from the identity of the asymptotes, and it facilitates sensibly the use of the model, 
which in its expanded form is: 
 
 
0 1 0 2 0
0 1 2




   
        
                 
                
                           
 [49] 
 
This novel model was validated using the results obtained by Manach et al. (1998) 189 (C2 
from Table 19) in the absence of any OM with 10 µM Cu2+ in the final concentration. Figure 
26 shows the experimental data of the diene kinetics () and the fittings to the data by Eq. 




[49] (continuous black line). In addition, the three independent kinetic profiles for the 
formation and decomposition of LOO (green and red lines, respectively) and the formation of 
DP (blue line) contributing to the definition of the diene time-course are presented. An 
interesting additional validation of Eq. [49] was derived from its capability for modeling the 
peroxide time course as well, through the difference between its first (green line) and second 
(red line) components, as shown in Figure 26 with a dotted black line. Table 21 shows the 
statistical significance in all the parametric estimates, as well as good sensitivity, high 
correlation between the observations and predictions (R2adj=0.9991) and unbiased residuals. 
The variations of those phases are easily controlled by the values of the parameters 1 and 2, 
which defines the times that these phases are extended/reduced with respect the first one (0). 
Theoretically, these distances can expand the previous definition of the actions of OM over 
the oxidation of LDL.  
 
          
Table 21: Parametric estimates and CI (as % of the estimated value) from fittings of the specified 
cases to Eq. [49] and [50]. Sources of the used experimental results of C1 to C8 are indicated at Table 
19. The CI are presented as a percentage of the parameter value. Graphical responses are presented in 
Figure 29 (form antioxidants) and Figure 30 (for pro-oxidants). 
          
          
                                     ANTIOXIDANTS                                  S PRO-OXIDANTS 
                    
Parameters C1 C2 C3 C4 C5 C6 C7 C8 
                    
Asymptote K 0.885 ±9.5 0.923 ±1.5 0.758 ±18.7 0.846 ±16.9 0.978 ±8.6 1.407 ±10.0 1.070 ±13.2 1.152 ±12.3 
Asymptote 
modifiers 
mK - - - - - - - - - - - - - - - - 
nK - - - - - - - - - - 0.011 ±2.7 - - - - 
          
          
Half-life  100.7 ±0.4 102.1 ±0.3 102.1 ±1.5 52.0 ±2.9 74.3 ±0.6 151.0 ±1.0 269.9 ±0.6 174.9 ±0.9 
Half-life 
modifiers 
m 0.029 ±2.2 - - 0.776 ±0.1 0.128 ±0.1 0.052 ±1.2 0.008 ±2.1 0.278 ±0.1 1.387 ±0.0 
n - - - - - - - - - - - - - - - - 
          
          
Extension 
coefficients 
1 1.751 ±14.8 1.683 ±3.3 1.436 ±3.6 1.491 ±3.5 1.578 ±16.5 1.342 ±3.8 1.448 ±3.6 1.640 ±3.1 
2 2.025 ±19.9 2.115 ±4.1 1.842 ±11.9 3.095 ±7.1 1.518 ±26.6 1.946 ±11.2 2.123 ±10.3 2.849 ±7.7 
          
          
Slope  
controllers 
α1 5.215 ±16.1 6.811 ±6.8 5.911 ±5.4 2.939 ±10.9 10.53 ±8.0 4.837 ±6.5 4.158 ±7.6 3.425 ±9.3 
α2 2.716 ±40.2 2.791 ±4.1 2.057 ±10.4 2.027 ±10.6 3.661 ±29.8 2.577 ±8.2 2.359 ±9.0 1.513 ±14.1 
α3 1.721 ±56.6 2.249 ±5.2 1.470 ±4.9 1.192 ±6.0 2.965 ±32.9 1.378 ±5.2 1.359 ±5.2 1.100 ±6.5 
          




adj 0.9979 0.9991 0.9960 0.9876 0.9961 0.9982 0.9876 0.9960 
                    
 
5.4.2. Bivariate model for Cu2+ induced LDL oxidation and its validation 
 
Once the accuracy of our approach was proven in its univariate form, it was necessary to 
validate it as a simultaneous (bivariate) description of series of kinetic profiles in the presence 
of increasing concentrations of anti- and pro-oxidant agents. The development of a theoretical 
model is greatly facilitated by the possibility of combining all experimental data into a single 
master curve that is able to account for the important variables simultaneously. Such a 
solution allows controlling most factors that affect the system, provide the key knowledge to 
understand the governing mechanisms and helps to uncover the essential information that 
otherwise will remain hidden.  
 





Figure 26: Diene kinetics in the copper-induced oxidation of LDL, according to the experimental data () from Manach et al. 
(1998) 189 as described by the Eq. [49] (continuous black line). In addition, the three independent kinetic profiles for the 
formation and decomposition of peroxides (green and red lines, respectively) and the formation of DP (blue line) contributing 
to the definition of the diene time-course are presented. Dotted line represents the kinetic profile of peroxides. Table 21 
shows the statistical significance in all the parametric estimates. 
 
The general bivariate model was obtained simply by multiplying, in Eq. [49], K and 0 by the 
corresponding hyperbolic factors Hk and H as defined in Eq. [33]. Although the expected null 
coefficients m and n were not suppressed a priori, fittings revealed again the simple 
behaviors (direct and inverse proportionalities) previously observed in other systems. Thus, 
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 [50] 
 
Indeed, when this procedure was applied to the experimental results of Pinchuk et al. (1998) 
172 (C8 from Table 19), the accuracy of the fittings was equivalent or higher than that achieved 
by the complex mechanistic interpretations proposed by these authors and somehow validate 
its applicability. These authors followed the accumulation of reaction products in the time 




course of copper-induced peroxidation of LDL at multiple wavelengths analysis (typical 
profile oxidation of LDL, hydroperoxides formation and the first phase of dienes formation) 
for different concentrations of LDL affected by a dose-response of a copper agent (P 
effector). Figure 27 shows the fittings to one of the dose-response of copper/LDL relations. 
Figure 27A shows the fittings to the oxidation of LDL by the bivariate Eq. [50], the white 
dots () are the kinetic diene formation (at 234 nm) as a function of four copper concentrations 
(5.00, 2.50, 1.00, 0.50 and 0.25 µM). Figure 27B and C show the kinetic sub-products 
concentration and their correlations between the data measured by the authors and those 
predicted by Eq. [50] once it was fitted to the whole diene formation phases in Figure 27A.  
 
Our proposal represents an alternative for the dose-time-response behavior and provides two 
kinetic parameters which jointly define the capacities of the OM to extend or shorten the 
maximum protection as a function of the concentration. In fact, it is able to describe 
accurately different rate-dose tendencies. It allows quantification of the variations of the 
kinetic profiles which characterize the different types of OM in a useful way that can provide 
even indications concerning modes of action. Independently of the mechanistic interpretation 
that can be inferred by analyzing the specific behavior of both characterizing parameters, it 
produces consistent and meaningful criteria for comparative characterization and 
quantification of the oxidation of LDL. Next, we will illustrate some possible LDL oxidation 
patterns that can occur. 
 
5.4.3. Effects of oxidation modifiers illustrating the main characteristics of the expectable 
kinetic behavior of the LDL oxidation 
 
By means of simulations, Figure 28 shows 7 possible cases of typical families of curves (S1-
S5 antioxidants and S6-S7 pro-oxidants), which are obtained by assigning realistic parametric 
values to Eq. [50]. The parametric values can be seen at the top of each simulated case. The 
idea is to exemplify clearly how relevant are the other phases of the typical oxidation LDL 
profile. Each case is built over five different plots. The top plot, shows the parametric patterns 
of the three half-life parameters ( 0,  1 and  2) and the asymptotic K () one, as a 
function of OM effectors. The bottom plot shows the typical dose-response of the diene 
accumulative of LDL oxidation profile at 234 nm. The thick line of the kinetic dose-response 
curves corresponds to the response without modifier agent. Finally, the three plots in the 
middle correspond to the three compound reactions predicted by the Eq. [50]. The 
characteristics of the expected results, according to the proposed model, are thus highlighted. 
 





Figure 27: shows the fittings to one of the dose-response 
of copper/LDL relations presented in the work of Pinchuk 
et al. (1998) 172.  
 
Figure 27A shows the fittings to the oxidation of LDL by 
the bivariate Eq. [50] for the kinetic diene formation (at 
234 nm) as a function of four copper concentrations 
(2.50, 1.00, 0.50 and 0.25 µM). The black dots () are 
the lower cooper concentrations and white dots () the 
increasing ones.  
 
Figure 27B and C show the kinetic sub-products 
concentration and their correlations between the data 
measured by the authors and those predicted by Eq. [50] 
once it was fitted to the whole diene formation phases in 
Figure 27A. 







Figure 28: Some typical parametric families illustrating the main characteristics of the expectable kinetics of the LDL oxidation in the presence of pro- and anti-oxidant agents. Simulations by 
assigning the specified parametric values to Eq. [50]. 























Figure 29: Kinetics of the LDL oxidation induced by copper in the presence of increasing concentrations of antioxidant 
agents. Plots A and B: experimental results (points) and their fittings to the Eq. [49] and [50], respectively. Plots C to F show 
the: effects of the antioxidant concentration on the kinetic parameters of the oxidative process. Plot G shows the observed 
vs. expected results and plot H the projections of isolines response on the time-concentration plane. Data sources in Table 








5.4.4. Effects of oxidation modifiers of the bivariate model of LDL oxidation 
 
Experimental data to validate Eq. [50] were taken from the abundant bibliographic 
information with Get Data Graph Digitizer, trying to test the model against a broad spectrum 
of oxidation-modifying agents, methods and time and concentration domains. Figure 29 and 
Figure 30 show the application of this model to a selection of real anti- and pro- oxidation 
cases, whose sources and conditions are described in Table 19 (we omit a number of other 
real examples in which the model produced equally satisfactory fittings). For each case eight 
different graphs are presented (plots from A to H). Plot A shows the individual fittings of the 
univariate Eq. [49] (lines) to the data (dots). The black dots are those for the kinetic profiles 
obtained for the absence of an agent (control), while the white dots are those in the presence 
of agent (pro- or anti-oxidants) in a dose-response way. Plot B shows the global fitting 
analysis of the bivariate Eq. [50] (surface) to the data (dots). Plots C, D, E and F show the 
parametric estimations (K, 0, 1, 2, vm and ) found from the univariate (dots) and bivariate 
(lines) analysis. Plot G shows the correlation between the data obtained and the prediction 
from the bivariate Eq. [50]). Finally, plot H shows the contour plot produced by the bivariate 
Eq. [50]. Numerical results and their statistical information are specified in Table 21. The 
overall consideration of these results proves the accuracy and high statistical consistence 
provided of the new model developed either in its univariate or bivariate form, for anti- and 
pro-oxidant effects.  
 
From this analysis, it is clear that the effects increasing a parametric value 0 are linear 
because, in theory, such a value could cover the range [0, ), whereas the effects decreasing 
0 are hyperbolic with decreasing slope (in general inversely proportional to the modifier 
concentration) simply because the domain of the parametric variation is here [0, 0]. The 
hyperbolic decreases of  and  due to pro-oxidants (with linear increase of vm: Figure 30) are 








Figure 30: Kinetics of the LDL oxidation induced by copper in the presence of increasing concentrations of three pro-oxidant 
agents obtained from bibliographical references (Table 19). Graphical notations as in Figure 29. Data sources in Table 19 
and numerical results in Table 21. 
 
5.5. Other considerations: Usefulness from the proposed model for in vivo studies 
 
The conventional in vitro and in vivo assessment of oxidation-modifying agents is based on 
the variations they induce in the lag time () and –less usually– the maximum rate (vm), as 




they can be deduced from the diene kinetic profile up to its first maximum. Undoubtedly, this 
information is useful, but it omits other characterizing elements, uses a relatively problematic 
parameter () and excludes the subsequent events to the first maximum, which are not strictly 
irrelevant, as shown in Figure 24. Regarding the subsequent course to the maximum, actual 
examples –as depicted in Figure 26, Figure 27, Figure 29 and Figure 30– prove that the 
secondary diene formation is a phase that should be taken into account, and the simulation in 
Figure 28 suggests that such a phase can even be very important. This seems of special 
interest when clinical implications are considered. Therefore, apart from the robust fitting 
solution to the particular diene formation profile produced during the LDL oxidation, other 
useful considerations derived from the proposed approach (in its univariate [49] or bivariate 
[50] forms) can be obtained. Next, some specific ones that are opportune to be discussed are 
highlighted. 
 
5.5.1. Rapid tool to discriminate potential antioxidant compounds for application iin 
prevention and therapy of oxidative stress diseases 
 
There are several coefficients that can be used to identify and compare the power of an A 
agents. When testing the capacity of A compounds, it is crucial to understand its pattern as a 
function of a dose-response. Because the information provided by testing its capacity at one 
single concentration can be very tricky. When a dose-response is considered, as discussed, the 
values of 0 (half-life value of the peroxide formation phase, time units), the dose-response 
coefficient m (1/agent units) and the extension coefficients 1 and 2 –corresponding to the 
decomposition of peroxides and formation of DP phases– are probably the most relevant ones. 
They provide the inhibitory times and concentration capacity of agents. However, others such 
as the K (asymptote) or the changes in the slopes of the different phases (α1, α2 and α3) could 
also be very relevant. As example decreasing effects of K can be related with an inhibition of 
products derived at any phase of diene formation, which would indicate ability to block 
partially or totally one or several reactions. Decreases in the slopes would reflect a rate 
deceleration process of one of the different reactions involved in diene formation.  
 
As an illustrative experimental case, C6 (Figure 29) refers to the dose-response action of the 
simvastatin antioxidant, which besides the expectable half-life extension, requires to accept a 
drop of the asymptotic value. Treatment with statins is known to lower plasma and low-
density liporprotein (LDL) cholesterol levels in humans with resultant prevention and 
regression of atherosclerosis. Besides, the effect of simvastatin antioxidant on the LDL 
oxidation, the authors also studied the effect of this A over the kinetic of hexanal formation, 
because there were evidences that indicated that the treatment with statins clearly reduced 
their formation. Accordingly, those authors found that simvastatin produces a decrease in 
hexanal concentrations, and in general terms, the reduction on the production of the major 
apolar cytotoxic aldehydes (2-Hexenal; 2,4-Heptadienal; 2-Octenal; Octanal; 2-Nonenal; 2,4-
Decadienal; Decanal) derived from LDL polyunsaturated fatty acid oxidation. Clearly, such a 
detail conclusion would not be possible to conclude by applying our analytical tool to the 
LDL oxidized by copper assay (based in diene formation), because it cannot differentiate 
which DP reaction could be blocked. However, by applying our proposed analytical tool, in 
general terms, with a simple dose-response (Figure 29, C6), authors would be able to detect 
major capacities of compounds to prevent the formation of cytotoxic products. The drop on 
the asymptotic value of K as a function of the concentration of the antioxidant simvastatin is 
only explainable by supposing a reduction on the formation of DP. 
 
All parameters together translate and provide the potential applicability of compounds for the 
treatment of oxidative stress diseases. Our proposal could be very useful to explore quickly 
and effortless compounds that can act as primary antioxidants inhibiting the first phase of the 




diene formation in the LDL oxidation and as secondary ones inhibiting the formation of DP. 
Such a compounds are currently the target of pharmacology research for developing new 
drugs to reduce the effects of oxidative stress-related diseases 35.  
 
5.5.2. A possible assisting tool for defining clinically the risk of oxidative stress-related 
diseases in humans 
 
As previously suggested by Esterbauer et al. (1992) 136, the oxidation behavior of human LDL 
against an increasing concentration of Cu2+ could be used as a tool for defining the risk of 
oxidative stress diseases: (a) For specific patients would serve as an analytical test to follow 
their state and response to the treatment; and (b) For healthy individuals would serve as an 
analytical test to prevent and predict major complications.  
 
Unfortunately, rarely is used as a clinical test –probably due the complexity of the assay– and 
its typical application is for evaluating treatment in pharmacology and medicine fields of 
research. The resistance to Cu2+-induced oxidation of LDL is periodically checked in 
experiments –using subject groups according to their clinical state– which were submitted for 
a given period to a given treatment. The treatment could vary depending on the agent (drugs, 
habits, exercise, diets, etc). As example, in diets experiments, results show that the LDL 
resistance to the oxidation is increased by such diets, whose effects are revealed by higher  
and lower vm values with regard to control subjects trials 
84,165,169–171. Both variations are 
dependent on the dietary level of antioxidants, according to hyperbolic relations reflecting the 
general phenomenon of the decreasing yields. Since the asymptotic values of these relations 
have been found to be characteristic of the subject, it is admitted they constitute predictive 
indexes of the probability of many oxidative stress diseases. 
 
In this context, Eq. [50] offers richer information, which is potentially suitable for refining 
these predictions. Indeed, the resistance to the primary and secondary phases of the diene 
formation are respectively quantified by the values of 1 and 2, and –the rest of the 
parameters being equal– an increase of the 2/1 ratio indicates strictly the degree of 
predominance of the second phase. If  and vm values of the first phase are characteristic of 
the subject, it is reasonable to suppose that the 2/1 ratio also is reflecting specific features of 
the metabolic incorporation of dietary antioxidants to the lipidic body of LDL particles. It 
could even be speculated that the apo B-100 conformational changes (which are responsible 
for the particle recognition by the target tissues, as affected by the electrical charges of the 
lipidic body), are not equally sensitive to the characteristic products of the two phases of the 
oxidative process. 
 









V-C: Development of alternative indexes: Dose-response of single “global 
values” that summarize the kinetic response  
 
The detailed mechanistic description of oxidations is complex 28 and varies from one to the 
other systems 194, which has led to the search for empirical general models, able to describe 
the most common profiles. For example, the power function developed by Terpinc, Bezjak, & 
Abramovič (2009) 30 is appropriate only to adjust fractional-order kinetic profiles, but fails in 
the description of first-order processes or sigmoidal profiles. Other empirical approaches such 
as the Logistic and Weibüll equations have been transferred from other fields to describe the 
oxidation action 31,53,109, but are rarely used. From those equations, researchers are able to 
produce key parameters to summarize the responses, such as the asymptote, maximum rate or 
the lag-phase. They can characterize the response and help to quantify the effect of OM 
agents. In general, the three parameter sigmoidal group of functions without intercept (Hill 
Eq. [8], Gompertz Eq. [9] Richards-Chapman Eq. [10] or Weibüll Eq. [22]) is the best 
solution to fit individually the kinetic profiles corresponding to a series of increasing levels of 
OM agents. As in many other complex systems 132, some authors 66,134 have suggested directly 
or indirectly further analysis, in which the oxidative responses are described as a function of 
both the dose and the exposure time in a bivariate form. 
 
Additionally, the arbitrary use of simple analytical procedures to calculate molecular 
properties, occasionally without a validation study, as well as a lack of statistical significance, 
has caused much controversy. Commonly, the mathematical determinations of the OM 
capacity are based on a fixed endpoint without proper considerations of the kinetic behavior. 
Perhaps, the biggest problem is related to the lack of a validated assay that can reliably 
measure the A and P capacity of samples, thus making it essential to test the capacity with 
different methods. As a result, authors tend to simplify the calculation method in order to 
amplify the number of testing procedures. However, the method used to measure and compute 
the AC has a major impact on the results, because in both in vivo and in vitro, the oxidation 
reactions are complex. The abbreviated approach to study the dose-response at one single-
time expecting to find linear forms (as described by the non-kinetic approaches) frequently 
leads to unreliable results and misinterpretations, making it extremely difficult to compare the 
results from different assays.  
 
In this section two simple non-linear mathematical applications that provide global values that 
summarize the responses are proposed: 
 
At first, the area under the curve criterion represents a way of taking into account the kinetic 
profile, but bypassing complex analytical expressions. The new microplate methods allow to 
obtain effortless large temporal sampling with high accuracy. Its advantages are its simplicity 
138 and synthetism. However, this second advantage is also its biggest drawback, because the 
lack of possible interrelations between their values and some possible mechanistic 
consequences that have a clear practical interest. However in cases of complex responses, 
such as samples with more than one effector, either opposite effects (antioxidant vs. pro-
oxidant) or similar (antioxidant vs. antioxidant), the use of empirical models requires of 
equations to integrate their interaction effects or alternatively their sum. In those types of 
complex matrices, the application of globalizing parameter such as the area under the curve 
becomes very useful. It allows to summarize the time part of the response in one global value 
and therefore to quantify the dose-time-response with a simple equation. Thus, it is a very 
useful tool, in our opinion, is the most simple and complete approach when complex 
responses need to be studied 187 and when the goal is to quantify. 
 




Then, the bell protection function for competitive OM assays, in which the responses have 
one common asymptote (majority of ones) is presented. It helps to describe accurately the 
response as a function of time and dose by two criteria values and facilitates convenient 
comparisons of the capacity of different compounds. The model was validated in well known 
in vitro competition assays, evaluating the dose-time-dependency of the response of OM 
compounds. At first, as an example, experimental data values are used to illustrate the 
capabilities of the method, and afterwards, the quantification and comparative method was 
applied to different combinations of OM compounds in two competition assays (the βC and 
Cr bleaching reactions). Then, to illustrate its capabilities, the model was further extended to 
the analysis of the combine effect of an A and a P simultaneously. Finally, some methods in 
which the quantification and comparative method of the OM capacity could be potentially 
applied are presented, and data from other authors was used to extend the validation of the 
procedure into another competitive assays. 
 
Our proposals represent an alternative for the dose-response behavior, which jointly defines 
the capacities of the OM as a function of the concentration. In fact, it is able to describe 
accurately different rate-dose tendencies. It allows quantification of the variations of the 
kinetic profiles which characterize the different types of antioxidants in a useful way that can 
provide even indications concerning modes of action. Independently of the mechanistic 
interpretation that can be inferred by analyzing the specific behavior they produce consistent 
and meaningful criteria for comparative characterization and quantification of any OM, in a 
dose-time frame which minimizes the effects of the error produced by the experimental 
conditions. For all the assayed agents, statistically significant descriptions with very accurate 
predictions were provided.  





1. Mathematical modeling of area under the curve assessment criteria to quantify 
the antioxidant and pro-oxidant capacity: Coffee extracts as a case study 
 
Authors use the standardized values of the area under the curve (AUC) of a kinetic profile of a 
dose-response agent, as a way to bypass the complex process of analyzing the kinetic 
variations of agents. In general, the dose-responses of the area values are described with linear 
approaches However, the linear patterns frequently lead to unreliable results and 
misinterpretations, making it extremely difficult to compare the results from different assays. 
In this work, we have demonstrated the non-linearity of the AUC dose-response assessment 
criteria by means of simulations. A simple non-linear dose-response model was developed to 
describe the accurately response. As case study, experimental data of extracts of unroasted 
coffee beans from five different country-climate locations for the two most common coffee 
varieties (Robusta and Arabica) were obtained using the Cr and βC bleaching in vitro assays. 
Their AC was analyzed in detail and compared with commercial standards. In addition, to 
illustrate the advantages of using the standardized area units and the mathematical model 
developed, other more complex scenarios were recreated. Finally, the model was verified for 
other relevant methods, using available experimental data from the bibliography. Its 
application is simple, it provides parametric estimates which characterize the response, and it 
facilitates rigorous comparisons among the effects of different compounds and experimental 
approaches. 
 
1.1. Traditional standardization of the area under the curve 
 
Alternatively, the AUC of a kinetic profile of a dose-response agent has become routinely 
applied for many analytical procedures 26,195,196. Its advantages are: a) simplicity, because it 
simplifies one variable and allows to assess complex scenarios with simple relations; and b) 
applicability, because it can be used in almost all procedures and types of responses. Its 
weakness is the lack of establishing a mathematical model to describe the AUC. In general, 
authors describe the dose-response in linear terms, which frequently leads to unreliable results 
and misinterpretations, making it extremely difficult to compare the results from different 
assays.  
 
A simple approach to characterize the A action through a single value is achieved by 
calculating the area under the kinetic profile 26,195,196. Also, it has been applied in more 
complex responses to simplify the variable time response to one value 187. The response is 
defined in terms of AUC that can easily be calculated by any numerical integration method, 














     [51] 
 
where i is the number of data measured along time t, Ri are the responses along an arbitrary 
time series and Δt is the interval of each measurement. The AUC in the presence of an A, 
decreases and in the presence of a P agent increases, in both cases asymptotically. For the 
particular case here analyzed, the area values represent the accumulative amount of substrate 
bleached during the total time (t) analyzed. Then, the AUC responses of a dose-response of an 
OM agent are standardized in relation to AUC obtained for the control, which leads to the 
formulation of the relative area units (RAU) as defined by other authors 26,195,197 as follows: 
 
  C OMRAU OM AUC AUC   [52] 





where AUCC and AUCOM are the area units corresponding to the kinetic profiles found in the 
absence and presence (C, control) of an OM agent concentration, respectively. The physical 
meaning of the RAU responses in the experimental assays here analyzed would correspond to 
the accumulative substrate protected for the total time of the assay (µM min) by a given OM 
agent concentration. The RAU standardization proved to be a highly robust criterion, able to 
summarize in a single and direct datum the global feature of any kinetic profile.  
 
Firstly, the non-linearity of the dose-response of the AUC of kinetic profiles by means of 
simulations is demonstrated. Secondly, a simple non-linear dose-response model was 
developed to describe them and applied as a general tool to test the effectiveness of 
compounds. The model was experimentally tested on two well-known in vitro competition 
assays, the Cr and βC bleaching asymptotic reactions 66, appropriate for lipophilic and 
hydrophilic matrices, respectively. As a natural agent case study, the dose-time dependency of 
extracts of unroasted coffee beans from five different country-climate locations for the two 
most common coffee varieties (Robusta and Arabica) were used, and their capacity were 
compared with commercial standards of antioxidants. The illustration of the capabilities of the 
approach summarizes the kinetic responses in a very consistent way. The interactions 
produced by different agents (anti- or pro-oxidant) as function of different environmental 
factors (such as pH or T) are also analyzed. Finally, the model was verified for other relevant 
methods using available experimental data from the bibliography. 
 
1.2. Illustration of the non-linearity of the area under the curve 
 
The oxidant action implies interfering in an autocatalytic process in which no less than four 
chemical species are present (oxygen, oxidizable substrate, antioxidants and oxidation 
products), reactions of first and second order can take place and interactions can occur at 
several levels of the sequence. When the RAU values or similar standardizations of the AUC 
are plotted against the dose-response of an agent OM, typically authors use for their analysis 
linear relations, but as would be here discussed, such an exact behavior only occurs in very 
specific situations. Furthermore, instead of comparing the linear dose-responses between each 
other, the common practice is to use the dose-response of one commercial A as a calibration 
curve to compute the equivalent AC of a sample which is only tested at one single-dose, 
assuming several uncertain aspects as correct. 
 
Therefore, if we assume that this time-dose response formal model [34] describes 
appropriately the oxidation process by simulating time-dose-dependent responses, we could 
test the behavior of the RAU, in all circumstances, and thus discuss the problems and 
appropriate methods to analyze the RAU dose-responses. 
 
Several aspects need to be highlighted regarding kinetic behavior of agents to illustrate 
completely the general non-linearity of the RAU values: 1) the variations of the profiles as 
function of the dose of an agent; 2) the experimental definition of the curves (initial, 
propagation and asymptotes) in the 2D frame of the response and/or the range of 
concentrations tested; and 3) the presence of one common asymptote or asymptotic variances 
as a function of the dose of the agent under analysis. Figure 31 and Table 22 show the 
illustrations and parametric values of six clarifying simulations (Cases 1 to 6, two for each of 
the previously highlighted points). Each case is divided in two figures (a and b). The first one 
(a) shows the responses (R, from 0 to 1 units) for each of the kinetic profiles (0-200 units) of 
increasing concentrations of an agent OM (0-100 units). Note that the control profile has 
thicker line than the simulated increasing concentrations of OM. The second one (b) shows 
the RAU values obtained. 






Figure 31: Six illustrative cases illustrations simulated by Eq. [34]. Each case is divided in two figures (a and b). The first one 
(a) shows the responses (R, from 0 to 1 units) for each of the kinetic profiles (0-200 time units) of increasing concentrations 
of an agent OM (0-100 units). Note that the control profile has thicker line than the simulated increasing concentrations of 
OM. The second one (b) shows the RAU values obtained. Parametric values of the simulations are presented in Table 22. 
 
Figure 31 (part A, cases 1 and 2), displays these cases related to the specific profile variations. 
A first-order kinetic profile is supposed and for the dose-response pattern the half-life 
parameter (τ) is modified by means of a linear increasing relation (case 1) and by an 
asymptotic increasing relation (case 2). In both cases, even for the linear one, the RUA values 
are non-linear. If we focus on the concentration ranges below 25 units, a linear relation could 
be assumed. As it is shown in Figure 31 (part B, case 3), such linear relations of the RUA 
values exist only in the specific scenery, in which the profiles are all defined for one common 
asymptote (from the beginning to the end) and the half-life parameter (τ) is extended by 
means of an increasing linear relation. To produce such a case, only 25% of the 2D response 
of the graph is fulfilled. If we would be analyzing the profiles by mathematical models, we 
would agree that the definition of the curves must be complete, but as we are summarizing the 
profile by its standardized AUC values, focusing only on the 25% of the possible response, 
seems to be a restriction. Thus, when the concentration range of case 3 is expanded, as shown 
in case 4, the area units become clearly non-linear, even in the only scenario in which they 
would be a linear one. Additionally, when analyzing the oxidations and their kinetic 
inhibition, many responses (such as those produced in the DPPH method and similar) show 




different asymptotes for each dose. Figure 31 (part C, case 5) shows the same kinetic profiles 
produced by case 3 but adding a parameter that modifies the final asymptote. Such a pattern 
confirms that even when the curves are well defined to be linear, they have to end in a 
common asymptote, because otherwise, it causes inevitable non-linear RAU responses, no 
matter what range of concentrations are used or what mode of profiles are involved. Finally, 
Figure 31 (part C, case 6) exemplifies the weakness of using the standardized AUC responses. 
As it can be observed, the dose responses obtained for case 6 and case 1 are identical, but 
their kinetic patterns are completely different. Case 1 extends linearly the half-life parameter 
and case 6 reduces the asymptote non-linearly. When using the area units, we are able to 
simply quantify the responses, but we are neglecting the mechanistic patterns behind, which 
could cause serious problems if they are not well understood.  
 
In general, for any simulated type of kinetic profiles, the dose-response in terns of RAU or any 
other way of defining the AUC values are non-linear, and the use of linear approaches will 
always produce unsatisfactory solutions. Therefore, a mathematical tool, that allows 
summarizing the dose-response in simple guiding values, is proposed next. 
              
             
Table 22: Parametric values used to recreate six simulated dose-time responses with the bivariate 
model described in Eq. [34]. Simulated cases are showed in Figure 31. 
                          
 KINETIC 
PARAMETERS 
 DOSE-RESPONSE PARAMETERS 
  K modifiers  τ modifiers   modifiers 
 K τ   mK nK  mτ nτ  m n                           
Case 1 1.00 20.00 1.00  -- --  0.200 --  -- -- 
Case 2 1.00 20.00 1.00  -- --  0.400 0.020  -- --                           
Case 3 1.00 20.00 3.00  -- --  0.025 --  -- -- 
Case 4 1.00 20.00 3.00  -- --  0.200 --  -- --                           
Case 5 1.00 20.00 3.00  -- 0.050  0.025 --  -- -- 
Case 6 1.00 20.00 1.00  -- 0.050  0.025 --  -- --              
 
1.3. Mathematical modeling of the dose-response area units of compounds 
 
Before any further step is taking, the traditional ways for standardizing the AUC into RAU 
values must be slightly modified.  
 
1.4. Standardization of the area under the curve responses 
 
The way that the AUC responses are standardized in terms of RAU values (Eq. [52]) are only 
useful for the definition of dose-responses of A agents, because the AUC decreases as a 
function of increasing concentration of an A and increases as a function of a P. In addition, 
the RAU values lack of useful physical meaning. Therefore, before any model is considered 
the standardization of the responses must be changed. For the case of the experimental 
responses here tested, the best solution is to rearrange the AUC as a function of the 
concentration of an OM agent in terms of the substrate (S) protected ( P ). Therefore, for an A, 













in which S0 is the initial substrate concentration in µM used for the analytical procedures 
tested (for the CBA the S0 value is equivalent to 100 µM of Cr and for the βCA to 1 µM of 




βC) and the other terms remain as in Eq. [52]. The relation considers that AUCC is the 
maximum response possible and the responses are thus standardized. However, when 
standardizing the responses for P agents, the maximum possible pro-oxidizing area is the area 
over the curve of the control (AOCC). Therefore, the response of the substrate protected ( P ) 













When the OM agent is an A, the P  value will be a positive one, and when it is a P will be a 
negative one. Additionally, by standardizing the response in relation to the control, the results 
obtained are less dependent on the experimental conditions, particularly on the initial 
concentration of the reactive species, which is in practice one of the common problems when 
analyzing the efficacy of an A and a potential cause of inaccurate results 198.  
 
For other analytical scenarios the internal specific meanings of the responses must be 
different, but the relations should be kept.  
 
1.5. Dose-response model 
 
Data obtained in the βCA is used to illustrate the procedure to assess the capacity of agents of 
opposite effects. Figure 32A shows the illustrative application of those standardizations to 
analyze the A effect of BHA and the P of Hb as a function of time and dose. Figure 32 (A1 
and A3 plots) shows the raw dose-time response obtained by βCA, in which the black dots 
() are the results for the control values and the other dots are the responses for increasing 
concentrations of the agents. The white dots () in Figure 32 (A2 and A4 plots) represents 
the standardized P  values obtained by the kinetic dose-responses showed in Figure 32 (A1 
and A3).  
 
The characteristic asymptotic variation of P  as function of most agents suggests that some 
radical-generating property of the system can be saturated 134. This type of dose-response 
patterns, in general, can be adjusted by a group of mathematical expressions (mechanistic or 
not) that translates the pattern of the response into parameters that allow to deduce the 
meaning and/or quantify the effect of the dependent variable in a simple and global mode. 
Among the most common, hyperbolic, potential or sigmoidal functions are traditionally used 
in biological systems due to their manageability.  
 
Although if we generalize the action in 2D-frame, the models that cover the maximum 
possible responses and minimize the number of parameters, even if the availability of 
mathematical expressions is significant, the group that best meets these conditions and had 
been applied in different fields with high level of accuracy, is the group of sigmoidal 
functions. In general, the three parameter sigmoidal group of functions without intercept (Hill 
Eq. [8], Gompertz Eq. [9] Richards-Chapman Eq. [10] or Weibüll Eq. [22]) are the best 
solution to fit individually the P  values corresponding to a series of increasing levels of OM 
agents.  
 
After testing those models, the same one described previously (Eq. [22]), was found to be the 
most satisfactory with the highest level of accuracy. Thus, the dose-response of P  values can 
be fitted to the following equation rearranged for our own purposes (as Eq. [24]): 
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in which the parameter Pm is the averaged maximum substrate protected, asymptotic value of 
the response (µM of βC and Cr in this case), which is specific of each OM agent. The 
parameter vτ corresponds to the amount of molecules protected per unit of OM (µM of the 
protected substrate/µM of OM) at the agent concentration that produces the half-maximal 
response (τ = Pm/2), which is a value of maximal predictability, because it corresponds also to 
the average molecules of substrate protected per molecule of OM agent. The parameter 
remains with the same shape profile meanings as described in Eq. [22]. When the OM agent 
is a P the parameter Pm will be negative and when it is an A will be a positive one. 
 
As described in Eq. [28], if the specific amount of molecules protected per unit of OM at any 
given percentage n of the response is desired, it can be computed as follows:  
 
   
1 2
, 1 exp ln 1 0.01m
m
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in which n can be any value between 0-100%, consequently the corresponding vn (µM of the 
protected substrate/µM of OM) can be computed to obtain any n percentage of the maximum 
µM of the substrate protected Pm. Other parameters of Eq. [56] remain with the same meaning 
as in Eq. [55]. 
 
For the illustrative responses assessed in Figure 32 (part A), all the parametric values are 
presented in Table 23, showing lower CI and higher correlation coefficients in all cases (R2adj 
>0.99), thus demonstrating the precision of this approach.  
 








Figure 32: A, Illustrative application of the model developed (Eq. [55]) to analyze the effect of the antioxidant of BHA and the 
pro-oxidant of Hb as a function of time and dose. B, C and D, shows the standardized P  values obtained (dots ) and the 
fittings to Eq. [55] (lines) for all the tested agents (pro-oxidants and antioxidants) for both complementary reactions 
(hydrophilic and lipophilic). All the kinetic dose-response results are shown the Figure 33 in the appendix section.. E, 
numerical values of the parameters Pm and vτ of Eq. [55] as assessment criteria. Parametric values of the fittings are 
presented in Table 23. 
 





        
Table 23: Parametric estimates of equation [55] obtained after fitting the parametric results (Pm and vτ 
parameters) for the crocin and -carotene bleaching affected by the specified agents. The CI are in 
percentages of the parameter value. Pm values are in µM P  and vτ in µM P /µg OM. 
 
       
 Pm vτ  R
2
adj 
        
       
A: βCA 
        
       
BHA 0.771 ±7.6 5.419 ±1.1 1.04 ±5.6 0.9990 
ETX 1.000 ±19.2 75.99 ±0.3 1.50 ±12.8 0.9982 
BHT 0.914 ±7.2 0.823 ±8.0 1.18 ±5.6 0.9950 
TOC 0.473 ±8.8 1.122 ±3.7 1.32 ±3.1 0.9936 
PG 1.000 ±7.5 0.047 ±15.9 0.50 ±15.2 0.9964 
Mn2+ 0.141 ±25.4 0.059 ±15.4 0.86 ±10.3 0.9998 
        
Hb -0.957 ±0.3 -18.509 ±4.1 0.58 ±3.3 0.9999 
Fe2+ -0.939 ±2.1 -0.2980 ±5.0 0.60 ±4.7 0.9999 
Fe3+ -0.670 ±5.4 -0.0018 ±18.6 1.14 ±8.7 0.9937 
Cu2+ -0.669 ±0.8 -0.0044 ±6.1 0.77 ±3.2 0.9957 
        
C1 0.689 ±7.9 0.0203 ±26.4 0.98 ±39.1 0.9998 
C2 0.752 ±24.1 0.0249 ±59.7 0.93 ±57.6 0.9996 
C3 0.732 ±10.5 0.0220 ±36.3 0.96 ±23.8 0.9997 
C4 0.793 ±32.8 0.0322 ±69.7 0.90 ±81.2 0.9994 
C5 0.690 ±9.2 0.0255 ±13.4 1.06 ±9.2 0.9986 
        
       
B: CA 
        
       
AA 57.13 ±1.0 0.177 ±2.3 0.81 ±9.7 0.9998 
ETX 98.23 ±2.2 42.66 ±0.1 1.15 ±8.6 0.9998 
PG 70.56 ±1.1 0.417 ±1.8 0.93 ±20.9 0.9961 
TBHQ 37.91 ±0.8 0.040 ±7.5 0.84 ±29.2 0.9996 
TRO 78.74 ±0.5 0.625 ±0.1 1.20 ±12.8 0.9992 
        
AAPH -95.82 ±9.1 -0.019 ±8.2 0.62 ±1.5 0.9991 
        
C1 84.85 ±9.1 0.957 ±28.6 0.77 ±24.9 0.9962 
C2 75.26 ±8.0 1.720 ±9.3 0.97 ±50.9 0.9990 
C3 83.99 ±5.0 1.179 ±8.6 0.72 ±57.5 0.9963 
C4 77.50 ±8.2 1.516 ±6.3 0.88 ±49.5 0.9986 
C5 80.77 ±15.0 1.839 ±17.7 0.84 ±16.8 0.9938 
        
       
 
1.6. Comparison criteria for potential equivalent capacity determination 
 
Consequently, we can consider in two meaningful ways to compare OM activities. The first 
one would consist of plotting the specific P  variations given by Eq. [55] as a function of the 
agent concentration. It will provide an efficient way to determine graphically the equivalent 
potential capacity of samples. This can provide a fixed value, which allows the visualization 
of the agent-specific dynamics of these effects (positive for A and negative for P) as shown in 
Figure 32 (A2 and A4 plots). The other one would be based on the combinatory information 
provided by the numerical values of the parameters Pm and vτ of Eq. [55]. These values can be 
used to compare the activities of different OM agents. For example, the Pm parameter of BHA 
showed that the maximum capability is to protect 0.77 µM βC protected (or 77 %), on the 
other hand, the vτ showed that one molecule of BHA protects as an average 0.271 molecules 
of βC (0.271 µM βC protected/µM of BHA).  
 
The information provided by the combination of both values represents a robust tool to 
compare the activities of different A agents based on the parametric estimations time-dose 
response. Authors may only focus in one parameter, depending on their interests, for example 
the maximum protective capabilities or the average amount molecules protected per molecule 
of OM agent. In any case, with both values, an intuitive solution to compare OM activities of 
compounds by a mathematical analysis is obtained, offering researchers a simple solution 




based on parametric non-linear values to assess OM action and compare their capacity 
rigorously.  
 
In both cases, graphically or numerically, the responses are effectively summarized in a time 
and dose form. Therefore, the potential equivalent capacity of samples and standard 
antioxidants and pro-oxidants can be compared effortless. Furthermore, the application may 
facilitate the ranking process and the selection of appropriate concentrations of natural 
products to replace commercial antioxidants, as we shall see next. 
 
1.7. Application to assess and compare lipophilic and hydrophilic standard antioxidants 
and pro-oxidants 
 
The previous standardizations and mathematical modeling was applied to the antioxidants and 
pro-oxidants described in the material and methods section in both experimental reactions 
(βCA and CBA, representative of lipophilic and hydrophilic environments, respectively). All 
the kinetic dose-response results are shown in Figure 33. Figure 32 part B, C and D, shows 
the standardized P  values obtained (dots ) and the fittings to Eq. [55] (lines) for all the 
tested agents.  
 
In general, the A quantity needed to counteract the hydrophilic radicals produced by the 
degradation of AAPH molecules are less effective than those found to counteract the 
lipophilic radicals produced by the oxidation of linoleic acid (Table 23). Eq. [55] describes 
accurately all the dose responses studied (Table 23). Using numerical values of the parameters 
Pm and vτ of Eq. [55] as assessment criteria (Figure 32, part E), the following order of 
activities can be established for each of the reactions: 
 
a) For βCA the A potential would be as: ETX > BHA > BHT > TOC > PG > Mn+2. The P 
order would be as: Hb > Fe+2 > Cu+2 > Fe+3. 
 
b) For CBA the A potential would be as: ETX >TRO > PG > AA > TBHQ. 
 
In addition, as a prove of accuracy of the approach here discussed, the amount of reduced 
hemoglobin used, which refers to hemoglobin (considering an average of 64,500 Da per 
molecule) which contains iron in the Fe+2 oxidation state, had approximately the same 
quantity of Fe+2 as the amount introduced directly as iron (II) sulfide.  
 
The graphical representation of the results (Figure 32, plot A4 for Hb and plot D1 for Fe+2) 
are approximately equivalent. In fact, the parametric response (Table 23) shows nearly 
identical Pm and α parameters. The vτ parameter, which is the only one related to the 
molarities of the agent, shows that Hb was 62,125 times higher than the one obtained as Fe+2. 
Value highly concordant with the average estimated molecular weight of Hb, demonstrating 
the reliability of the tools here developed. 







Figure 33: Kinetic data obtained for the individual time-dose-response analysis to the different antioxidant and pro-oxidant 
agents for the CBA and βCA. Control series () and seven dilutions (: 1/7, : 2/7, : 3/7, : 4/7, : 5/7, : 6/7, : 
7/7). 
 




1.8. Application to assess the antioxidant capacity of natural agents: Coffee extracts as a 
case study 
 
None of the bleaching kinetics of the tested compounds promoted, in the absence of linoleic 
acid or AAPH differ significantly from the control. In Table 23 and Figure 34, the results of 
the proposed approach to extracts of unroasted coffee beans from five different country-
climate locations for the two most common coffee varieties (Robusta and Arabica) are 
presented. Figure 34 (part A) shows the dose-time dependency results of the five coffee 
samples (C1 to C5) for the two complementary assays (βCA and CBA). The dose relations 
used are specified in the material and methods section. From a general view, only slighted 
differences can be perceived.  
 
When we summarize the dose-responses in terms of the standardization described by Eq. [53] 
and the P  dose-responses are computed using Eq. [55], always satisfactory solutions are 
achieved. The fitting parameters obtained, the parametric statistical estimations and the R2adj 
are presented in Table 23. AC of coffee extracts was compared in detail with commercial 
standards of antioxidants by means of the graphical and numerical criteria (Figure 34, B and 
C plots). 
 
Based on the behavior profile (graphical criteria, Figure 34 plots B1 and C1), the capacity of 
the coffee extracts can be followed as function of its concentration and compared to the 
responses of common commercial antioxidants. To simplify the comparison process, both the 
dose-responses of coffee extracts and the commercial antioxidants are expressed in µg of the 
compound in the reaction for the lipophilic and hydrophilic assessed environments. 
Exceptionally, for clarification, ETX and TOC antioxidants in B1 plot of Figure 34 is 
expressed as x10-2 and x10-1 µg. This graphical representation (the most simple and visual 
way) to analyze the parametric non-linear response of the A equivalent action and comparing 
their capacity rigorously, provides an easy tool that facilitates the selection of appropriate 
concentrations of natural products to replace commercial antioxidants. Therefore, the 
nonlinear equivalent responses of natural A compounds are characterized and compared with 
commercial substances within the concentration range tested. Thus, the potential equivalent 
capacity can be computed easily. For example, the following in vitro results can be 
concluded: 
 
-In lipophilic environments, ~45 µg of C4 (Coffea arabica from Guatemala) is equivalent 
to ~8 g of BHT. 
-In hydrophilic environments, ~25 µg of C4 (Coffea arabica from Guatemala) is 
equivalent to ~2.6 g of TRO. 
 
Using numerical values of the parameters Pm and vτ of Eq. [55] as assessment criteria (Figure 
34, B2, B3, C2 and C3 plots), the differences are narrow and were much higher in a 
hydrophilic environment than in a lipophilic one. Based on the numerical parameter value Pm, 
at a given concentration (that can be found by using Eq. [56]), all coffee samples are able to 
counteract between 70-80 % of the oxidation of the Cr and βC substrates. Those values are 
greater than some of the standard antioxidants. When the analyses are based on the vτ 
parameter, the coffee samples show between 6 to 40 times lower values than the standard 
antioxidants. Beyond quantitative differences, all the coffee samples promote the AC in both 
lipophilic and hydrophilic environments. However, researchers must keep in mind that the 
equivalent potential capacity of coffee extracts reported in this study is only uncountable for 
in vitro responses. Thus, if any of these natural extracts were required to replace commercial 
antioxidants, the in vitro responses found only serves as guiding values of the real responses 
that may be found for "in vivo" assessments. 







Figure 34: A, shows the dose-time dependency results of the five coffee samples (C1 to C5) using the two bleaching 
reactions (βCA and CBA). B and C, shows the results of comparing by means of graphical and numerical criteria to the AC of 
commercial standards of antioxidants. Parametric values of the fittings are presented in Table 23. 
 
1.9. Extension of the model application to the combined effect of system variables, 
antioxidant and pro-oxidant agents 
 
In addition, we have extended the analysis to some aspects that reveal the capacity of the 
proposed approach to simplify responses for describing the interactions produced by different 
factors in a very consistent way. In the food industry, as well as other related areas, it is 
interesting to analyze the capacity (A or P) behavior of compounds (standards, natural 
products, complex matrix, etc) as function of different environmental factors (such as pH or 
T).  
 
As example, we have selected the CBA and experimentally formulated the following tri-
variate interactions: a) the time course of the reaction, the P action (using AAPH) and the 
temperature; and b) the time course of the reaction, the A action (using TRO) and the pH. The 
advantage of applying the area units is that it simplifies one variable (t in this case) and allows 
with simple relations to assess more factors than other alternative methods. In those complex 
scenarios many different responses are found. Thus, to be able to include the environmental 




factor into the previous developed model (Eq. [33]) and to correctly interpret the results, 
simultaneous description of all curves must be used, rather than fitting each one individually 
132. 
 
1.9.1. Kinetic assessment of the P capacity of AAPH with temperature.  
 
The kinetic response in the CBA for four temperatures (32, 37, 40 and 45°C) where studied in 
the presence of eleven AAPH concentrations (range: 0-20.5 mM). All the resulting kinetic 
profiles (Figure 35, part A) could be described with accuracy and simplicity by simplifying 
the kinetic part of the response in terms of the averaged substrate protected P  for each 
temperature (dots of Figure 35, plot B1 and numerical parameters in Table 24). 
 
As expected, the temperatures effect (in the range studied) only perturbs the values of vτ 
increasing its value as function of T. However, the possibility to incorporate the effect of 
temperature as a third variable into Eq. [55], requires to use the Arrhenius model as described 
previously in Eq. [39]. Now, the parameter vτ (analogous to rate constant k) of Eq. [55] can be 
substituted by Eq. [39] obtaining a simultaneous description of the kinetic profiles at all 
temperatures and AAPH concentrations by the following tri-variate model: 
 
     
1 2
, , 1 exp ln 2
Ea RT
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The mathematical analysis of the averaged substrate protected P  responses led to statistically 
significant description as a tri-variate function (lines of B1 and B2 plots from Figure 35), all 
the parameters where consistent and the correlation coefficients where always higher than 
0.99 (Figure 35, B3 plot).  
 
The numerical values of the parameters from the tri-variate approach obtained are as follows: 
K=82.41±8.1 µM of Cr protected; Ea=79.44±15.2; B=4.57x10
+11±1.1 x10+9; and α=0.817±0.1. 
The adjusted correlation coefficient value was R2adj =0.9925 and the predicted and observed 
data did not show any bias. 









Figure 35: Effect of temperature on bleaching of the crocin-AAPH system. A, kinetic data of four temperature values. B1, 
responses measured as relative area units in all combinations of T and TRO (points) fitted to Eq. [55] (lines). B2: effects of T 
on parameters of vτ, the dots are the individual result parameters obtained when Eq. [55] is used and lines when to Eq. [57] 
is applied. B3, correlation between observed and predicted values corresponding to tri-variate analysis. The numerical 
results for the dose response fittings with Eq. [55] for each temperature tested are summarized in Table 24. 
 





        
Table 24: Parametric estimates of equation [55] obtained after fitting the parametric results (Pm and vτ 
parameters) for the CBA reaction affected by environmental conditions (T and pH). The part A shows 
the parametric fittings obtained for the individual dose-response analysis to the pro-oxidant agent 
AAPH at different temperatures. The part B shows the parametric fittings obtained for the individual 
dose-response analysis to the antioxidant agent TRO for each pH tested. The CI  are in percentages.  
 
     
 Pm vτ α R
2
adj 
        
     
A: AAPH AT DIFFERENT TEMPERATURES (ºC) 
 
 
       
     
32.0 82.03 ±0.5 0.0115 ±8.1 0.81 ±1.8 0.9998 
37.0 82.83 ±3.2 0.0191 ±9.2 0.79 ±1.2 0.9996 
40.0 83.75 ±2.1 0.0256 ±1.0 0.80 ±2.5 0.9997 
45.0 83.78 ±8.0 0.0413 ±9.0 0.80 ±5.1 0.9994 
 
 
       
     
B: TROLOX AT DIFFERENT pH  
 
 
       
     
3.50 74.64 ±8.0 0.464 ±0.2 1.26 ±14.8 0.9990 
4.00 77.69 ±3.8 0.529 ±6.8 1.27 ±6.8 0.9982 
4.50 74.17 ±9.3 0.637 ±18.3 1.19 ±16.3 0.9950 
5.00 79.25 ±14.5 0.674 ±21.1 1.18 ±18.6 0.9936 
5.50 74.79 ±6.5 0.753 ±10.8 1.25 ±28.1 0.9964 
6.00 79.65 ±2.1 0.825 ±4.7 1.20 ±3.7 0.9998 
6.50 74.07 ±2.7 0.883 ±4.4 1.23 ±3.9 0.9958 
7.00 72.76 ±7.3 0.965 ±4.1 1.20 ±3.3 0.9999 
7.50 77.02 ±2.1 1.046 ±5.0 1.20 ±4.7 0.9999 
8.00 72.54 ±5.4 1.062 ±18.6 1.19 ±8.7 0.9937 
8.50 72.55 ±7.8 1.159 ±6.1 1.24 ±3.2 0.9957 
9.00 70.29 ±2.8 1.176 ±1.1 1.23 ±8.2 0.9998 
9.50 58.62 ±7.9 1.365 ±26.4 1.29 ±9.1 0.9998 
10.00 45.27 ±24.1 1.318 ±59.7 1.19 ±7.6 0.9996 
10.50 26.23 ±1.5 1.420 ±36.3 1.25 ±2.8 0.9997 
11.00 9.03 ±9.2 1.552 ±69.7 1.28 ±8.2 0.9994 
        
     
 
1.9.2. Kinetic assessment of the anti-oxidant capacity of TRO and pH 
 
Previous authors 132 have already studied the crocin bleaching in the presence of three 
antioxidants (caffeic acid, catechol and TRO) at various pHs (5.5 and 7.4), concluding that 
this variable causes significant differences in the first two cases but not in the case of TRO.  
 
In view of the impossibility to distinguish the effect of pH from that produced by an A in the 
Crocin-AAPH system, as well as the risk of assessing antioxidant activities using a single 
time, we decided to revise that conclusion by studying the complete kinetics under the usual 
conditions (37ºC, 7.68 mM AAPH, 100 mM Briton buffer), combining 16 pH values and nine 
TRO concentrations (0-(19)-190 M in the mixture reaction). All the kinetic results are 
presented in Figure 36. 
 
All the resulting standardized dose-response profiles of TRO for each pH could be described 
individually with accuracy by Eq. [55] (Table 24). Results presented (dots of Figure 37, B1 
plot) show a progressive reduction of the oxidation rate as the pH increases. Because the 
variable of pH does not affect the spontaneous discoloration rate of Cr, the effect must be 
attributed either to the inhibition of the AAPH degradation or to the capture of radicals from 
such a degradation. In any case, the increase of pH had an antioxidant-like effect.  
 





Figure 36: Kinetic data obtained for the individual time-dose-response analysis to the antioxidant agent of TRO at different 
pHs (3.5-(0.5)-11.0) for the crocin bleaching reaction (CA). Control series () and seven dilutions (: 1/7, : 2/7, : 3/7, 
: 4/7, : 5/7, : 6/7, : 7/7). For all pHs series the TRO concentrations ranges are 0-(15)-150 µM. 
 
The interaction between the effects of TRO and the increase of pH produced a complex 
response, especially at pHs above 5.5, making complex the determination of the real capacity 
attributable to TRO. However, to describe the effect of pH, there is not a general formulation, 
compared to the effect of T applying the Arrhenius equation. In numerical terms, it can be 
observed that the Pm parameter varies asymptotically decreasing as a function of the pH, the vτ 
parameter varies linearly increasing and the shape parameter a remains constant. For its 
simplicity reasons we choose the model in Eq. [22] to describe such a behavior of Pm as 
follows: 
 
 ( ) exp ln 2 Pmm m Pm
c




A linear approach without intercept was used to describe the behavior of vτ as a function of 
the pH as follows: 
 
( )v pH b pH
    [59] 
 




in which b is the slope of the linear relation. Therefore, by substituting the vτ and Pm in Eq. 
[55] by Eq. [58] and [59] we describe in a tri-variate form, taken into consideration the time, 
A and the pH effect jointly as follows: 
 
     1
2
, , 1 exp ln 2  m
A







    
     
     
 [60] 
 
The P  described responses by Eq. [60] led to statistically significant description as a tri-
variate function (Figure 37 plot B1), all the parameters where consistent (Figure 37, B2 plot) 
and the distribution of the predicted and observed values did not show any deviation or bias 
and the adjusted correlation coefficient higher than 0.99 (Figure 37, B3 plot). The numerical 
values of the parameters obtained and their estimations are as follows: 
mP
 =72.9±8.1 µM of Cr 
protected; Pm =10.2±1.1 pH units; Pmc =14.4±2.6; b=0.13±0.01 µM Cr. µM
-1 TRO pH-1; 
α=1.17±0.1. The correlation coefficient value was 0.9925 and the predicted and observed data 
didn’t show any bias. 
 
The summary of kinetic profiles of an agent in area units standardized with respect the control 
represents a way of taking into account the kinetic profile but bypassing complex analytical 
expressions. The new microplate methods allow obtaining effortless large temporal sampling 
with high accuracy. Its advantages are its simplicity and synthetism. However, the second 
advantage is also its biggest drawback due to the lack of possible interrelations between their 
values and some possible mechanistic consequences that have a clear practical interest.  
 
Furthermore, the lack of an established mathematical model to analyze the standardized AUC 
dose-responses and the traditional assumption of dose-response in linear terms, frequently 
lead to unreliable results and misinterpretations, making it extremely difficult to compare the 
obtained results. In our opinion, any criterion that avoids a non-linear analysis of the 
standardized AUC values is a misleading simplification. We are aware that non-linear 
equations are slightly more complex than a linear one, but it is also much less deceiving.  
 
The model in Eq. [55] described accurately the A and P responses as a function of time and 
dose, it produces characterizing values of practical interest with high reproducibility. 
Additionally, in cases of complex responses such as samples with more than one effector, 
either opposite effects (T vs. P) or similar (A vs. pH), requires the use of equations to integrate 
their interaction effects or alternatively their sum. In those types of complex matrices, the 
application of a globalizing parameter such as the area under the curve becomes very useful. 
It allows to summarize the time part of the response in one global value and therefore, to 
quantify the dose responses with simple numerical values or graphical tools.  
 










Figure 37: Effect of pH (3.5-(0.5)-11.0) on bleaching of the crocin-AAPH-TRO system. A, kinetic data of four values of pH 
within the established range (points). B1, responses measured as relative area units in all combinations of pH and TRO 
(points) fitted to Eq. [60] (surface). B2: effects of pH on parameters Pm and vτ, the dots are the individual result parameters 
obtained when Eq. [55] is used and lines when to Eq. [60] is applied. B3, correlation between observed and predicted values 
corresponding to Figure B1. The numerical results for the dose response fittings with Eq. [55] for each pHs tested are 
summarized in Table 24. 
 





2. Analytical criteria to quantify and compare the antioxidant and pro-oxidant 
capacity in competition assays: The bell protection function. 
 
A simple non-linear dose-time tool to test the effectiveness of compounds for competitive 
assays is presented. The model helps to describe accurately the A and P response as a function 
of time and dose by two criteria values and allows one to perform easily comparisons of both 
capacities from different compounds. The quantification procedure developed was applied to 
two well known in vitro competition assays the Cr and βC bleaching asymptotic reactions. 
The dose-time dependency of the response of commercial antioxidants and some expected P 
compounds was evaluated in this study and the results showed low experimental error. In 
addition, as an illustrative example of the capabilities of the criteria proposed, the 
quantification of the combined effect of an A and a P was analyzed. Afterwards, the model 
was verified for other relevant competitive methods, using available experimental data from 
the bibliography. Its application is simple, it provides parametric estimates which characterize 
the response and it facilitates rigorous comparisons among the effects of different compounds 
and experimental approaches. In all experimental data tested, the calculated parameters were 
always statistically significant, the equations were consistent (Fisher’s F-test) and the 
goodness of fit by the adjusted coefficient of determination was higher than 0.98. 
 
2.1. Illustration of the bell protection function and simple analytical criteria to compare the 
time-dose response of compounds 
 
In competitive assays, performed in systems without limitations of oxygen, it can be accepted 
that exhaustive substrate oxidation is reached at sufficient time, and therefore the final 
asymptotic value will be equal for all the kinetic responses in absence and presence of any 
type of OM. The method developed here can only be applied if this requirement is fulfilled, 
which is the case of the most common competitive assays in the oxidation field.  
 
Data obtained in the βC bleaching reaction is used to illustrate the procedure to assess the 
capacity of OM. The antioxidant of BHT and the pro-oxidant Fe+2 as a function of time and 
dose are used as example. 
 
2.1.1. Standardizations and fittings 
 
The first step is to standardize the response, thus all kinetic profiles in the presence of a 
concentration of an OM are subtracted by the kinetic profile in its absence, as follows: 
 
  t tRD t OM C   [61] 
 
in which OM and C are the kinetic response in the presence and absence (control) of an 
oxidation modifier concentration, respectively. RD is the relative difference found at any 
given time (t), which in this case accounts for the amount of µM of βC or Cr protected by the 
OM agent. When the agent is a P the profile will be a negative bell function and when it is an 
A will be a positive bell profile. 
 
In Figure 38, a representation of the characteristic profiles obtained by βC bleaching reaction 
using a time-dose response of the antioxidant of BHT and the pro-oxidant Fe+2 is presented. 
Observing the response (Figure 38, top), it is clear that the analysis of this profile, with simple 
mathematical relations measured at one single time, will produce under- or over-estimations 
of the capacity of the A, depending on the time selected.  
 





Figure 38: Illustrative representation of the characteristic profiles obtained for the antioxidant BHT (A) and the pro-oxidant 
Fe+2 (B) responses using equation [61] to standardize in the βCA as examples. A1 and B1 show the raw responses of the 
βCA as function of time and A2 and B2 the asymmetric bell profile of the kinetic relative difference response. 
 
Alternatively, the traditional option is the analysis with S-shaped equations, producing several 
parameters that characterize the response of the remaining βC molecules through the lag-time 
period, the time required for reaching half maximum response, the maximum bleaching rate, 
etc. However, in this new proposal, the kinetic relative difference response exhibits an 
asymmetric bell profile (Figure 38, bottom), which is equivalent to the substrate molecules 
protected (positive for antioxidants and negative for pro-oxidants) by the OM molecules as a 
function of time. Such profiles show many different physical kinetic properties that could 
characterize the response. Among these physical properties, the maximum protected 
molecules of βC (Pm) and the time at which it takes place (tm) are the most characterizing 
parameters that cannot be found through traditional equations. For example, in the food 
industry, the combinatory use of these parameters could provide the state of the oxidation of 




the reaction after the chain reaction will be inevitably affecting the taste, flavors and other 
properties of foods, because it focuses on analyzing the quantity of protection and the moment 
at which such protection would be lost.  
 
Additionally, by standardizing the response using the equation [61] the results obtained do not 
depend on the experimental conditions, particularly on the initial concentration of the reactive 
species, which is in practice, one of the common problems when analyzing the efficacy of an 
A in competitive methods. In a competition assay, it has to be realized that during the assay 
the concentration of the A as well as that of the indicator of the reaction can be reduced to a 
considerable extent. The consumption of both during the experiment, as an inevitable 




Figure 39: The kinetic parameters that could characterize the response the maximum protected molecules of βC (Pm) and 
the time at which it takes place (tm) are displayed. A1 and B1 show the fittings to the asymmetric bell profile of the kinetic 
relative difference dose-response of the examples presented in Figure 38 to the model [62]. A2 and B2 show the maximum 
protected molecules of βC (Pm) fitted to the equation [63]. A3 and B3 display the time at which it takes place (tm) the Pm fitted 
to the equation [64]. For all cases, the points are the findings and the lines are the fitted results to the corresponding model. 
All numerical results in Table 25, Table 26 and Table 27. 
 
The characteristic bell protection profile can be described by many bell functions 198. After 
testing several equations, the generalized exponential function without intercept (also called 
the modified Weibüll distribution function) was found to be the most satisfactory one with 
least number of parameters and highest accuracy: 
 





RD t P d
d t t
      
       
       
 [62] 
 




in which the parameter d is related to the distance between the tails of the function 
(dimensionless), i a value related to the asymmetry of the bell profile (dimensionless), Pm the 
maximum protected molecules of the substrate used in the reaction (βC and Cr in this case) 
and tm the time at which Pm takes place. 
 
This model explicitly provides the characterizing parameters (Pm and tm) of the RD response, 
and therefore their statistical significance can be tested through the determination of its CI. 
Figure 39 (A1 and B1 plots) shows the application of this model to predict the effect of BHT 
and Fe+2 in the βC reaction. All the parametric values are presented in Table 25 and Table 26, 
showing lower CI and higher correlation coefficients in all cases (R2adj>0.99), thus 
demonstrating the reliability of this approach. The two characterizing parameters (Pm and tm) 
will vary in the presence of any A and, given their well-defined factual meanings regarding 
the oxidation kinetics, their combine variations have a relevant characterizing value. 
 
On the one hand, plotting the Pm parameter against OM concentration show an asymptotic 
trend (Figure 39, A2 and B2 plots), suggesting that some radical-generating property of the 
system can be saturated 199. This type of dose-response patterns, in general, can be adjusted to 
the following asymptotic function:  
 
    1 expmP OM K r OM      [63] 
 
where [OM] is the concentration of the OM agent under study in µM, Pm (OM) is the response 
behavior of the parameters Pm as a function of [OM], K is the asymptotic value of the 
parameter obtained (µM of the protected substrate) and r is the specific dose-rate (µM-1 of 
OM). If the OM agent is an A the response will be positive and negative for P. 
 
On the other hand, the tm parameter shows a linear dose-response trend (Figure 2, A3 and B3 
plots) with an intercept that can be easily adjusted to: 
 
   0mt OM t b OM   [64] 
 
where b is the slope (min/µM of OM) of the dose-response trend and t0 is the extension time 
(min) at which the lipid change oxidation reaction behaves in the absence of any OM, in other 
words the extension time produced by 1 µM of βC (the competitor antioxidant). If the OM 
agent is an A the linear response will be positive increasing and decreasing for P.  
 
The resulting kinetic parameters, obtained after the fitting procedure to equation [62], are 
adjusted to their respective equations [63] and [64] as a function of OM concentration, 
obtaining in all cases highly consistent results with satisfactory CI.  
 




          
Table 25: Parametric estimates and CI in percentage of the -Carotene bleaching kinetics as affected 
by the specified agents, according to model [62]. All the [A] are in µM. 
          
          
[A] 
BELL FUNCTION PARAMETERS 
         
Pm d tm i R
2
adj 
          
          
BHA 
          
          
0.5 0.24 ±1.9 1.45 ±14.4 61.34 ±2.6 1.40 ±14.5 0.9947 
1.0 0.37 ±1.5 1.07 ±17.6 74.94 ±2.5 1.53 ±16.2 0.9956 
1.5 0.45 ±1.0 0.66 ±22.3 84.95 ±1.9 2.17 ±19.8 0.9981 
2.0 0.50 ±1.2 0.64 ±30.1 92.55 ±2.3 2.06 ±25.6 0.9973 
2.5 0.54 ±1.2 0.50 ±38.9 98.21 ±2.2 2.35 ±33.0 0.9977 
3.0 0.57 ±1.0 0.45 ±40.3 101.94 ±2.0 2.54 ±34.3 0.9982 
3.5 0.59 ±1.3 0.44 ±51.7 105.88 ±2.5 2.40 ±43.2 0.9973 
4.0 0.62 ±1.2 0.46 ±49.7 110.51 ±2.4 2.31 ±40.6 0.9976 
4.5 0.63 ±1.3 0.57 ±43.6 112.62 ±2.6 1.83 ±33.4 0.9971 
5.0 0.64 ±1.2 0.63 ±37.6 115.33 ±2.5 1.60 ±27.5 0.9975 
          
          
BHT 
          
          
3.0 0.31 ±1.7 1.63 ±11.5 49.98 ±2.1 1.44 ±11.3 0.9975 
6.0 0.40 ±1.3 1.68 ±8.5 56.20 ±1.7 1.27 ±8.4 0.9981 
9.0 0.49 ±1.0 1.81 ±6.2 65.27 ±1.3 1.21 ±6.1 0.9987 
12.0 0.57 ±0.9 1.72 ±6.9 75.83 ±1.4 1.16 ±6.4 0.9985 
15.0 0.62 ±1.0 1.57 ±9.4 82.38 ±1.7 1.15 ±8.0 0.9979 
18.0 0.64 ±1.0 1.15 ±13.4 86.64 ±1.8 1.37 ±11.1 0.9979 
21.0 0.67 ±0.8 0.88 ±14.3 92.08 ±1.5 1.48 ±11.4 0.9987 
24.0 0.69 ±0.6 0.63 ±15.5 97.21 ±1.2 1.77 ±12.5 0.9993 
27.0 0.70 ±0.7 0.48 ±23.6 101.72 ±1.3 2.10 ±19.4 0.9992 
30.0 0.70 ±0.6 0.37 ±28.5 102.35 ±1.3 2.62 ±24.4 0.9993 
          
          
ETX 
          
          
0.0004 0.08 ±4.9 1.21 ±33.0 29.03 ±7.8 1.10 ±36.4 0.9802 
0.0008 0.18 ±2.9 0.92 ±26.6 32.90 ±4.1 1.92 ±28.2 0.9931 
0.0012 0.25 ±3.2 0.92 ±31.8 37.06 ±4.4 2.16 ±33.3 0.9917 
0.0016 0.37 ±2.9 1.14 ±27.1 44.53 ±3.4 2.30 ±27.9 0.9934 
0.0020 0.44 ±2.2 1.62 ±16.6 53.18 ±2.5 1.75 ±16.4 0.9959 
0.0024 0.53 ±1.8 1.97 ±11.6 64.39 ±1.9 1.50 ±11.3 0.9967 
0.0028 0.57 ±0.8 1.87 ±5.7 72.90 ±1.1 1.34 ±5.6 0.9990 
0.0032 0.65 ±1.4 2.56 ±9.0 85.84 ±1.9 1.09 ±7.8 0.9968 
0.0036 0.66 ±1.4 2.21 ±10.4 91.13 ±2.0 1.09 ±8.4 0.9968 
0.0040 0.66 ±2.4 2.36 ±19.8 100.54 ±3.7 0.98 ±14.0 0.9901 
          
          
TOC 
          
          
0.004 0.08 ±3.7 1.19 ±32.3 52.52 ±4.4 2.03 ±33.0 0.9853 
0.008 0.16 ±3.0 0.94 ±33.0 56.42 ±3.5 2.59 ±34.1 0.9895 
0.012 0.20 ±3.7 1.18 ±33.9 62.61 ±4.9 1.84 ±34.4 0.9805 
0.016 0.24 ±2.0 0.95 ±24.3 67.60 ±2.7 2.30 ±24.4 0.9939 
0.020 0.28 ±1.5 0.47 ±43.6 74.84 ±2.5 3.83 ±42.4 0.9959 
0.024 0.30 ±1.8 0.36 ±72.1 79.77 ±3.2 4.50 ±69.3 0.9941 
0.028 0.34 ±2.1 0.65 ±48.6 88.18 ±4.0 2.01 ±41.9 0.9915 
0.032 0.36 ±1.7 0.24 ±15.3 92.97 ±3.2 5.28 ±18.3 0.9952 
0.036 0.37 ±4.2 0.24 ±28.5 92.97 ±8.0 5.28 ±21.1 0.9891 
0.040 0.38 ±1.4 0.18 ±15.3 102.99 ±2.6 6.88 ±37.0 0.9969 
          
PG 
          
          
10.0 0.27 ±1.9 0.86 ±20.3 49.89 ±2.9 1.93 ±21.0 0.9948 
20.0 0.32 ±1.7 0.60 ±28.2 55.16 ±3.0 2.37 ±28.3 0.9945 
30.0 0.31 ±1.6 0.68 ±24.4 56.51 ±3.1 1.90 ±24.1 0.9945 
40.0 0.37 ±1.4 0.39 ±40.4 62.82 ±3.0 2.79 ±38.8 0.9955 
50.0 0.37 ±1.3 0.27 ±58.9 64.90 ±2.9 4.08 ±57.1 0.9958 
60.0 0.38 ±1.5 0.38 ±47.9 68.48 ±3.3 2.70 ±45.0 0.9948 
70.0 0.43 ±1.1 0.43 ±34.4 73.65 ±2.6 2.36 ±31.5 0.9969 
80.0 0.42 ±1.0 0.21 ±66.1 72.84 ±2.4 4.74 ±63.4 0.9975 
90.0 0.47 ±1.3 0.29 ±61.4 77.83 ±3.1 3.05 ±56.6 0.9960 
100.0 0.49 ±1.3 0.01 ±33.9 79.39 ±3.0 6.55 ±29.7 0.9965 
          
          







          
Table 26: Parametric estimates and CI in percentage of the crocin bleaching kinetics as affected by the 
specified agents, according to model [62]. All the [P] are in µM. 
          
          
[P] 
BELL FUNCTION PARAMETERS 
         
Pm d tm i R
2
adj 
          
          
β-Carotene bleaching assay 
          
          
Fe+2 
          
          
1.5 -0.25 ±1.6 1.76 ±8.1 21.98 ±3.2 0.42 ±11.6 0.9983 
3.0 -0.28 ±16.1 1.77 ±57.9 21.81 ±22.1 0.43 ±93.4 0.9981 
4.5 -0.36 ±11.1 1.57 ±55.1 18.09 ±22.8 0.39 ±75.1 0.9989 
6.0 -0.49 ±1.2 1.33 ±6.6 14.06 ±2.9 0.38 ±11.1 0.9992 
7.5 -0.54 ±1.7 1.20 ±9.9 12.33 ±4.1 0.40 ±17.0 0.9983 
9.0 -0.57 ±1.3 1.18 ±7.6 11.77 ±3.5 0.37 ±13.4 0.9990 
10.5 -0.59 ±1.4 1.15 ±8.2 11.19 ±3.9 0.37 ±14.6 0.9989 
12.0 -0.61 ±1.4 1.10 ±8.5 10.65 ±4.1 0.38 ±15.2 0.9988 
13.5 -0.63 ±1.7 1.05 ±11.3 9.72 ±5.0 0.42 ±20.2 0.9983 
15.0 -0.65 ±1.5 1.02 ±9.0 9.91 ±4.3 0.39 ±16.3 0.9987 
          
          
Cu+2 
          
          
15.0 -0.12 ±3.4 0.92 ±29.4 39.12 ±6.1 1.25 ±31.3 0.9840 
30.0 -0.20 ±2.5 1.06 ±19.3 36.68 ±4.4 1.11 ±20.7 0.9922 
60.0 -0.28 ±2.0 0.96 ±16.1 32.01 ±3.6 1.16 ±17.7 0.9955 
90.0 -0.32 ±2.0 0.89 ±16.6 29.67 ±3.6 1.21 ±18.5 0.9958 
120.0 -0.35 ±1.9 0.86 ±15.6 28.12 ±3.3 1.23 ±17.6 0.9965 
150.0 -0.36 ±2.0 0.81 ±17.2 26.80 ±3.5 1.27 ±19.4 0.9962 
180.0 -0.38 ±1.5 0.83 ±12.4 26.58 ±2.6 1.22 ±14.1 0.9979 
210.0 -0.39 ±1.2 0.73 ±11.1 25.38 ±2.1 1.36 ±12.6 0.9986 
240.0 -0.40 ±1.5 0.75 ±13.6 25.18 ±2.7 1.32 ±15.5 0.9979 
          
          
Hb 
          
          
0.2 -0.06 -±25.8 0.05 ±41.4 32.40 ±39.1 2.27 ±47.1 0.8617 
2.0 -0.33 -±4.5 0.80 ±38.6 25.35 ±7.8 1.27 ±44.0 0.9821 
4.0 -0.46 -±3.1 0.64 ±29.7 18.39 ±5.5 1.28 ±35.5 0.9927 
6.0 -0.54 -±2.8 0.71 ±24.4 14.62 ±5.5 0.88 ±32.7 0.9947 
8.0 -0.59 -±2.7 0.65 ±25.9 12.49 ±5.7 0.85 ±36.0 0.9952 
10.0 -0.62 -±2.7 0.66 ±25.7 10.98 ±6.3 0.72 ±38.3 0.9954 
12.0 -0.65 -±2.4 0.66 ±22.9 9.72 ±6.2 0.64 ±36.3 0.9965 
16.0 -0.67 -±2.6 0.71 ±22.1 8.65 ±8.4 0.51 ±38.5 0.9957 
20.0 -0.68 -±2.5 0.66 ±21.6 7.93 ±8.7 0.51 ±38.0 0.9961 
          
          
Crocin bleaching assay 
          
          
AAPH 
          
          
200.0 -30.8 ±0.2 1.26 ±1.5 533.53 ±0.2 1.63 ±1.7 1.0000 
400.0 -47.1 ±0.3 0.96 ±2.9 428.75 ±0.4 1.86 ±3.3 0.9999 
600.0 -57.1 ±0.4 0.76 ±4.0 365.61 ±0.5 2.08 ±4.6 0.9999 
800.0 -63.9 ±0.6 0.64 ±6.5 323.56 ±0.8 2.24 ±7.4 0.9997 
1000.0 -68.7 ±0.8 0.56 ±10.5 293.59 ±1.2 2.34 ±11.9 0.9995 
1200.0 -72.4 ±1.1 0.52 ±14.9 271.20 ±1.7 2.36 ±17.0 0.9991 
1400.0 -75.2 ±1.4 0.49 ±19.2 253.88 ±2.2 2.31 ±22.0 0.9986 
1600.0 -77.3 ±1.7 0.49 ±22.7 240.11 ±2.6 2.19 ±26.4 0.9981 
1800.0 -79.1 ±1.9 0.49 ±25.3 228.91 ±3.0 2.03 ±29.9 0.9976 
2000.0 -80.4 ±2.1 0.51 ±26.8 219.58 ±3.4 1.85 ±32.2 0.9972 
          
          
 
 





2.1.2. Simple analytical criteria to compare the time-dose response of compounds 
 
In addition, after obtaining the parametric estimates of equations [63] and [64], it is possible 
to summarize the time-dose response in two complementary single values (the Q and S 
values). Q value is calculated by multiplying both parameters (K and r) estimated by equation 
[63] as follows: 
 
Q K r   [65] 
 
where Q corresponds to the amount of molecules protected per unit of OM (µM of the 
protected substrate/µM of OM) at the moment of maximum predicted capacity. In the case of 
S value, its determination is performed following the next procedure: 
 
To calculate the [OM] needed at any percentage of the response by equation [63], the Pm 
(OM) is considered to be Pm=K×n/100, in which n can be any value between 0-100%, 
consequently the corresponding [OM]n can be computed to obtain any n percentage of the 











   [66] 
 
Then, by inserting this [OM]n to reach n percentage of the protected substrate into equation 
[64], the protection time until the substrate reaches this n percentage can be obtained as: 
 
 0n nS t b OM   [67] 
 
in which t0 and b are the parameter estimates previously computed by equation [64]. Even if 
the typical approach is to consider the half-life response or in this case n=50%, it would be 
appropriate to compute the S value for the concentration needed to reach the asymptotic value 
of equation [63] (K or 100% of the response), complementing accordingly the information 
provided by the Q value. However, when computing the S value for n=K, the [OM]n=K will be 
excessively high, in occasionally outside of the kinetic range capabilities or extending the 
assay inappropriately. Therefore the 95% value was considered the more suitable response 
(Figure 39, A2 and B2 plots). Consequently, these values can be used to compare the 
activities of different OM agents. For example, the Q value of BHT showed that the 
maximum capability of one molecule is to protect 0.10 molecules of βC (0.10 µM βC 
protected/µM of BHT), on the other hand, the Sn=95% for BHT showed that at the 95% of its 
maximum capabilities the protection time was 89.23 min (knowing that [BHT]n=95%=20.51 
µM). The information provided by the combination of both values represents a robust tool to 
compare the activities of different A agents based on the parametric estimations time-dose 
response. With both values, an intuitive solution to compare OM activities of compounds by a 
mathematical analysis is obtained, offering researchers an alternative solution based on 
parametric non-linear values to assess OM action and compare their capacity rigorously. 
Furthermore, the application may facilitate the ranking process and the selection of 
appropriate concentrations of natural products to replace commercial antioxidants.  
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Figure 40: Experimental results for the Cr and βC bleaching reaction. Each figure of the OM analysis is divided as follows: on 
the left side, the time protection profiles drop orderly with the increase of the agent concentrations and are fitted to equation 
[62] and on the right side, the Pm and tm parameters pattern are shown and fitted to the equations [63] and [64] respectively. 
Figures in the sub-sections A1, B1, C1 and C2 show the effects of several antioxidants and pro-oxidants obtained in the βC 
and Cr bleaching assays. Sub-sections A2, B2 and C3 show the results of the analytical criteria values (Q and S) used to 
compare the capacity of OM.. Experimental results are points and fittings to the corresponding models are lines. All 
numerical results are in Table 25, Table 26, Table 27 and Table 28. 




              
               
Table 27: Parametric estimates of equations [63] and [64] obtained after fitting the parametric results 
(Pm and tm parameters) from equation [62] for the crocin and -Carotene bleaching kinetics as affected 
by the specified agents respectively. Also the analytical criteria values (Q and S) used to compare the 
capacity among several antioxidants are shown. The CI are in percentages. 
               
               
[OM] 
Parameters of Pm (OM)  Parameters of tm (OM)  Criteria values 
              
              
K r R2adj  t0 b R2adj  Q S 
                
               
Β-CAROTENE ASSAY 
                 
                 
BHA 0.635 ±4.0 0.827 ±6.1 0.9990  69.03 ±3.0 10.28 ±6.1 0.9992  0.525 ±8.4 106.2 ±2.2 
BHT 0.700 ±3.2 0.146 ±1.2 0.9996  47.97 ±1.1 2.011 ±5.6 0.9994  0.102 ±3.8 89.23 ±0.7 
ETX. 1.000 ±3.2 291.2 ±2.3 0.9988  47.28 ±1.3 9002 ±3.4 0.9991  291.2 ±7.4 139.8 ±3.2 
TOC. 0.481 ±2.7 42.87 ±3.1 0.9981  58.15 ±3.2 912.4 ±4.4 0.9990  20.61 ±8.4 121.9 ±4.8 
P.G. 0.421 ±2.2 0.064 ±4.1 0.9984  48.48 ±5.3 0.309 ±3.5 0.9981  0.027 ±9.0 62.94 ±4.1 
Fe+2 -0.668 ±2.3 0.212 ±1.5 0.9880  18.87 ±2.8 -0.671 ±3.1 0.9991  -0.668 ±5.6 18.87 ±4.4 
Hb -0.659 ±1.3 0.313 ±2.2 0.9921  18.55 ±4.5 -0.610 ±4.4 0.9955  -0.660 ±3.1 18.55 ±6.6 
Cu+2 -0.383 ±7.8 0.022 ±3.4 0.9902  41.10 ±2.6 -0.071 ±3.6 0.9976  -0.383 ±7.8 40.00 ±5.1 
                 
                 
CROCIN ASSAY 
                 
                 
A.A. 76.62 ±5.1 0.022 ±3.3 0.9970  38.06 ±3.1 0.109 ±4.4 0.9989  1.685 ±6.8 52.90 ±2.2 
ETX. 100.0 ±3.4 0.150 ±2.2 0.9997  33.59 ±2.3 2.001 ±1.3 0.9986  16.72 ±7.5 73.55 ±1.1 
TRO 91.12 ±1.7 0.022 ±1.3 0.9977  51.69 ±1.5 0.218 ±0.9 0.9989  2.004 ±2.2 81.37 ±1.0 
TBHQ 50.03 ±2.8 0.005 ±1.7 0.9976  56.32 ±7.8 0.014 ±1.5 0.9980  0.250 ±4.8 64.71 ±6.8 
Mn+2 100.0 ±4.5 0.072 ±5.1 0.9987  83.42 ±6.6 0.233 ±2.6 0.9985  7.358 ±3.0 93.11 ±5.9 
AAPH -77.82 ±9.1 0.002 ±8.2 0.9991  436.3 ±4.2 -0.123 ±3.6 0.9970  -0.178 ±3.3 275.18 ±7.1 
                 
                 
OxHLIA ASSAY 
                 
                 
TRO 100.0 ±5.4 0.0276 ±20.3 0.9911  68.04 ±1.2 0.320 ±28.2 0.9920  2.760 ±31.2 102.84 ±36.1 
                 
                 
ORAC ASSAY 
                 
                 
Grape seed 100.0 ±10.3 7.522 ±55.1 0.9878  4.067 ±12.2 38.05 ±33.1 0.9841  752.2 ±21.3 19.22 ±19.9 
                
                
 
2.2. Verification of the quantification procedure when applied to assess and compare 




Figure 40A and Table 25 show the graphic representations of the results and the parametric 
estimates of the time-dose fittings of equation [62] to the results of the proposed approach for 
the βC bleaching reaction applied to five common commercial antioxidants. Figure 40B and 
Table 28 show the graphic representations of the results and the parametric estimates of the 
kinetic fittings of equation [62] to the results of the proposed approach for the Cr bleaching 
reaction applied to some A compounds. In Table 27, the parametric estimates of equations 
[63] and [64] obtained after fitting the parametric results (Pm and tm parameters) from 
equation [62] are shown for both assessed reactions. It is particularly noteworthy to point out 
that for both reactions, only for the case of ETX in the βC system, the maximum substrate 
protected (Pm) reaches an asymptotic value (K) equal to the total amount of βC present in the 
final solution of the reaction. 
 
Furthermore, the computed criteria values Q and S to compare the AC are presented in Table 
27 and Figure 40 (A2 and B2 plots): 
- In the βC reaction, the value Q for the compound ETX was found to protect 291.2 
molecules of the substrate βC per molecule of A, which is by far the highest value reached, 
followed by TOC with 20.62. With regards to the time at which the maximum protection took 
place, the value S again show that ETX protected the oxidation of βC (139.9 min) for longer 
periods than the others, such as TOC with 121.9 min.  
- In the Cr reaction the differences between the antioxidants assessed were less than in 
the βC reaction. Nevertheless, the antioxidant ETX showed the best criteria values than 
compared to any of the other compounds tested. 
 




The combined criteria values provide complementary information to compare the capacity of 
different compounds. Beyond quantitative differences, the following ranking of their capacity 
can be established:  
 
- For the βC reaction: ETX >> TOC >> BHA > BHT > PG. 




Numerous agents such as transition metals can directly or indirectly catalyze the oxidative 
mechanisms in both lipophilic and hydrophilic environments. As a possible example of P 
capacity, some transition metals are selected to test the method proposed. The effects on 
different systems is not less relevant than those of commercial antioxidants since they can be 
present, either as constituents or contaminants, in many extract materials and as traces in 
buffer salts, thus distorting the results. Figure 40C and Table 26 show the graphic 
representations of the results and the parametric estimates of the time-dose fittings of equation 
[62] to the results of the proposed approach for the βC and Cr bleaching reactions applied to 
four common commercial antioxidants.  
 
In Table 27, the parametric estimates of equations [63] and [64] obtained after fitting the 
parametric results (Pm and tm parameters) of equation [62] are shown for both assessed 
reactions. The amount of reduced hemoglobin used, which refers to hemoglobin (considering 
an average of of 64,500 kDa per molecule) which contains iron in the Fe+2 oxidation state, 
had the approximately the same quantity of Fe+2 as the amount introduced directly as iron (II) 
sulfide. In fact, the parametric response (Table 27) as well as the graphical representation of 
the results (Figure 40C) are approximately equivalent, demonstrating the reliability of the 
tools here developed. 
 
2.3. Extension of the model application to the combine effect of an antioxidant and a pro-
oxidant agent 
 
One of the additional features of the developed approach is that can be easily extended to a 
more complex situations, that occasionally are experimentally found. For instance, when 
testing the OM capacity of natural compounds is likely to expect responses that can be a 
combination of some antioxidants and pro-oxidants. Such responses cannot be directly 
analyzed by the usual approaches nor by the one here presented, and therefore to identify the 
capacity of each OM compound certain further steps need to be executed.  
 
As example, the combinatory analysis of the antioxidant BHT and the pro-oxidant Fe+2 in the 
βC assay will be presented. A 610 arrays of an increasing concentrations of a mixture of an 
A and a P, in which 25 µL of each OM solution are added to each well containing 250 µL of 
the preheated reagent and the other conditions were kept. A total of 30 independent kinetic 
measures per each of the 60 concentration combinations were obtained and are displayed in 
Figure 41. It can be seen that as the concentration of P increases the oxidation of βC increases 
and the effect of the A becomes less effective. The temporal space of action (tm) of the P 
compound is earlier than for the A, causing biphasic curves caused by its interaction. To 
analyze such a response additive equations must be used increasing the number of parameters, 
which makes more difficult the interpretation of the results. 
 





          
Table 28: Parametric estimates and CI in percentage of the crocin bleaching kinetics as affected by the 
specified agents, according to model [62]. All the [A] are in µM. 
          
          
[A] 
BELL FUNCTION PARAMETERS 
         
Pm d tm i R2adj 
          
          
AA 
          
          
30.0 39.74 ±1.8 1.60 ±11.7 32.82 ±2.2 1.37 ±11.7 0.9977 
60.0 58.75 ±1.6 1.85 ±9.3 44.77 ±1.9 1.25 ±9.1 0.9978 
90.0 65.31 ±1.4 1.96 ±8.1 49.50 ±1.7 1.18 ±7.7 0.9982 
120.0 68.21 ±1.1 2.07 ±6.3 52.54 ±1.4 1.10 ±5.9 0.9987 
150.0 69.80 ±1.0 2.06 ±5.8 54.33 ±1.3 1.10 ±5.4 0.9989 
180.0 75.45 ±1.2 2.42 ±6.7 61.41 ±1.6 0.96 ±5.9 0.9982 
210.0 74.75 ±1.2 2.33 ±7.0 61.17 ±1.7 0.98 ±6.2 0.9981 
240.0 76.89 ±1.3 2.42 ±7.4 64.45 ±1.8 0.93 ±6.4 0.9977 
270.0 78.30 ±1.4 2.32 ±7.7 65.79 ±1.9 0.96 ±6.7 0.9975 
300.0 79.21 ±1.6 2.46 ±8.9 68.56 ±2.2 0.89 ±7.5 0.9963 
          
          
ETX 
          
          
3.0 49.56 ±2.6 1.91 ±15.9 36.20 ±2.8 1.44 ±15.3 0.9958 
6.0 67.86 ±1.5 2.06 ±9.1 44.16 ±1.7 1.36 ±8.6 0.9983 
9.0 80.45 ±1.5 2.36 ±8.5 51.57 ±1.8 1.22 ±7.7 0.9981 
12.0 89.36 ±1.4 2.51 ±7.7 58.26 ±1.7 1.13 ±6.7 0.9982 
15.0 96.81 ±1.4 2.61 ±7.8 65.42 ±1.8 1.04 ±6.6 0.9976 
18.0 101.15 ±1.5 2.63 ±8.3 70.15 ±1.9 0.98 ±6.9 0.9970 
21.0 107.01 ±1.8 2.64 ±9.9 78.67 ±2.4 0.91 ±8.0 0.9953 
24.0 109.60 ±2.1 2.62 ±12.0 83.55 ±2.9 0.86 ±9.4 0.9931 
27.0 111.12 ±2.2 2.58 ±13.7 86.60 ±3.3 0.85 ±10.4 0.9915 
30.0 112.40 ±2.3 2.57 ±14.6 87.92 ±3.5 0.83 ±10.9 0.9906 
          
          
TROLOX 
          
          
18.8 35.12 ±1.0 1.64 ±6.6 52.72 ±1.2 1.46 ±6.4 0.9990 
37.5 50.58 ±0.5 1.42 ±3.7 58.65 ±0.8 1.27 ±3.6 0.9996 
56.3 62.98 ±0.8 1.09 ±8.4 64.22 ±1.4 1.38 ±7.7 0.9988 
75.0 71.96 ±0.8 0.82 ±11.1 69.48 ±1.4 1.64 ±10.0 0.9988 
93.8 79.09 ±0.9 0.67 ±17.0 74.20 ±1.8 1.82 ±14.9 0.9984 
112.5 82.57 ±1.0 0.60 ±21.0 76.71 ±2.0 1.91 ±18.3 0.9982 
131.3 85.83 ±0.9 0.50 ±24.9 80.40 ±1.9 2.15 ±21.7 0.9984 
150.0 89.52 ±1.0 0.40 ±34.1 83.91 ±2.0 2.50 ±30.0 0.9983 
          
          
TBHQ 
          
          
80.0 24.91 ±4.0 2.22 ±22.7 54.80 ±5.2 1.07 ±20.7 0.9831 
160.0 29.68 ±3.2 1.98 ±19.0 58.50 ±4.4 1.07 ±17.6 0.9870 
240.0 34.27 ±3.2 1.71 ±20.9 60.07 ±4.6 1.16 ±19.6 0.9855 
320.0 37.58 ±2.7 1.30 ±21.5 60.48 ±3.9 1.47 ±20.6 0.9894 
400.0 41.46 ±2.2 1.31 ±17.8 61.94 ±3.4 1.35 ±16.8 0.9921 
480.0 45.75 ±1.9 1.27 ±16.7 63.73 ±3.1 1.31 ±15.5 0.9933 
560.0 49.18 ±2.1 1.12 ±20.4 64.88 ±3.5 1.42 ±18.9 0.9919 
640.0 51.52 ±1.8 1.18 ±17.3 66.18 ±3.1 1.29 ±15.7 0.9935 
720.0 50.87 ±2.0 0.98 ±22.9 67.00 ±3.4 1.63 ±21.1 0.9927 
800.0 50.96 ±2.0 1.17 ±18.9 65.09 ±3.4 1.30 ±17.3 0.9922 
          
          
Mn+2 
          
          
12.5 66.30 ±1.0 0.85 ±15.4 78.43 ±1.8 1.64 ±13.1 0.9981 
25.0 82.33 ±1.1 0.76 ±21.6 88.40 ±2.1 1.61 ±17.2 0.9978 
37.5 92.88 ±1.1 0.65 ±26.4 93.58 ±2.1 1.74 ±20.9 0.9979 
50.0 94.76 ±0.7 0.51 ±22.3 97.93 ±1.4 1.79 ±18.1 0.9992 
62.5 99.71 ±0.8 0.60 ±21.8 100.81 ±1.5 1.74 ±16.9 0.9990 
75.0 101.64 ±0.8 0.54 ±23.2 102.63 ±1.5 1.86 ±18.1 0.9991 
87.5 104.17 ±0.8 0.60 ±22.9 104.04 ±1.6 1.69 ±17.3 0.9990 
100.0 106.05 ±0.9 0.61 ±24.3 105.18 ±1.7 1.63 ±18.2 0.9988 
112.5 105.36 ±0.7 0.59 ±21.4 105.69 ±1.4 1.69 ±16.1 0.9992 
          
 







Figure 41: Raw kinetic responses of the combinatory analysis of the antioxidant BHT and the pro-oxidant Fe+2 in the βC 
assay. Each of the eight dose-response graphs corresponds to a different concentration of Fe+2 at six different 
concentrations of BHT. 
 
When the effects are displayed in terms of RD (using equation [61]) in Figure 42A (BHT 
time-dose response for three P concentrations), depending on the range of concentrations used 
for each compound, only AC is seen, which are the curves in the positive axes, only P 
capacity (curves in the negative axis) or both actions when the curves goes from one axis 
(negative or positive) to the other. The application of the RD standardization allows visually 
detecting the opposite actions of both agents and providing a quick overall output of the final 
interaction.  
 
However, its analytical determination also requires the sum of two independent equations 
(one for each OM) as the one described in [62]. As well as if we applied other common 
resources to the raw data (Figure 41) a high number of parameters are needed, and depending 
on the profile of the curve some of them will be non-statistically significant due to the lack of 
effect. Therefore, the outputs obtained by modeling those types of profiles must be rejected. 
However, since the RD is based on the subtraction of the control, it can be consider that the 
effect of one OM is as a function of the other, as a type of control subtracting its effect, thus 
reducing the number of variables. In Figure 42B the effect of the each concentration of P is 
subtracted to the A time-dose response, allowing to analyze the entire set of responses by 
equation [62] producing statistically significant parametric results (Table 29). The subtraction 
of the effect of the P only simplifies the operational procedure, and still possible to quantify 
the interactive effects by determining the parametric values Pm and tm. Since both values are 
affected by the interaction of two OM, the univariate equations [63] and [64] (Pm and tm, 
respectively) can be expanded to perform a much consistent approach taking into account 
both effects simultaneously by the following bivariate analysis: 
 
       , 1 exp expm A PP A P K r A r P       [68] 
     0,m A Pt A P t b A b P    [69] 
 
Figure 42C shows the univariate results (points) and the fitting to the bivariate equations [68] 
and [69] (surface). The parametric results of the bivariate analysis of Pm are K=0.717 µM of 




the substrate protected, rA=0.667 µM
-1 of BHT and rP=0.213 µM
-1 of Fe+2 with a 
R2adj=0.9927. On the other hand, the parametric results of tm are t0=37.10 min, bA=8.001 
min/µM of BHT and bP=3.912 min/µM of Fe
+2 with a R2adj=0.9862. 
 
2.4. Verification of the quantification procedure with experimental data from other 
competitive methods 
 
Antioxidant capacity assays, depending upon the reactions involved may be classified as 
electron transfer (ET) or hydrogen atom transfer (HAT) based assays. The majority of 
ET−based assays measure the capacity of an A in the reduction of an oxidant, which changes 
color when reduced. ET assays include the ABTS/TEAC, CUPRAC, DPPH, Folin-Ciocalteu 
and FRAP methods, each using different chromogenic redox reagents with different standard 
potentials. The HAT assays are kinetics based, and involve a competitive reaction scheme in 
which A and substrate competes for radicals generated through the decomposition of azo-
compounds, oxidation of lipids, etc. These assays include inhibition of induced low-density 
lipoprotein autoxidation, ORAC, TRAP, CBA and βCA assays, among many other methods. 
The bibliographical abundance about AC in a competitive reaction, in raw and purified 
extracts, makes it practically superfluous to extend the experimental work specifically 
devoted to validate the model proposed here. In this respect, its descriptive accuracy was 
verified using results from other authors (taken from the published figures by means of 
GetData Graph Digitizer 2.24), selected in such a way that they implied different methods, 
substrates and time domains. 









Figure 42: Analysis of the combine action of an antioxidant and a pro-oxidant. All numerical results are in Table 29. The 
parametric results of the bivariate analysis are described in the text. 
 





          
Table 29: Parametric estimates and CI in percentage of the -Carotene bleaching kinetics as affected 
by the specified agents, according to model [62]. All the [OM] are in µM. 
          
          
[A] 
BELL FUNCTION PARAMETERS 
         
Pm d tm i R
2
adj 
          
          
[P] = 0 µM 
          
          
6.0 0.33 ±32.9 1.49 ±4.5 43.8 ±7.3 3.30 ±3.4 0.9994 
12.0 0.54 ±27.1 1.50 ±5.5 53.4 ±9.8 2.81 ±2.8 0.9977 
18.0 0.63 ±21.1 1.32 ±6.2 61.8 ±10.1 2.68 ±2.1 0.9930 
24.0 0.68 ±16.9 0.69 ±4.1 69.3 ±16.6 3.36 ±1.0 0.9933 
30.0 0.70 ±14.0 0.31 ±2.2 75.6 ±32.0 5.22 ±0.4 0.9975 
          
          
[P] = 0.05 µM 
          
          
6.0 0.34 ±34.4 1.42 ±4.1 45.0 ±8.3 3.40 ±3.2 0.9986 
12.0 0.57 ±28.6 1.35 ±4.7 56.6 ±12.2 2.92 ±2.4 0.9948 
18.0 0.62 ±20.8 0.79 ±3.8 66.0 ±16.4 3.61 ±1.2 0.9896 
24.0 0.62 ±15.6 0.11 ±0.7 74.3 ±87.8 16.64 ±0.1 0.9907 
30.0 0.70 ±14.1 0.16 ±1.2 77.3 ±59.9 9.06 ±0.2 0.9977 
          
          
[P] = 0.1 µM 
          
          
6.0 0.34 ±33.5 1.45 ±4.3 44.0 ±7.7 3.19 ±3.3 0.9993 
12.0 0.56 ±28.0 1.43 ±5.1 53.8 ±11.0 2.65 ±2.7 0.9960 
18.0 0.61 ±20.4 0.83 ±4.1 63.2 ±15.0 3.34 ±1.3 0.9870 
24.0 0.66 ±16.4 1.14 ±6.9 68.6 ±9.5 2.61 ±1.7 0.9891 
30.0 0.68 ±13.5 0.88 ±6.5 75.9 ±10.4 2.89 ±1.2 0.9883 
          
          
[P] = 1.0 µM 
          
          
6.0 0.28 ±27.6 1.29 ±4.7 37.7 ±5.9 3.24 ±3.4 0.9996 
12.0 0.50 ±25.0 1.36 ±5.4 49.2 ±9.2 2.63 ±2.8 0.9949 
18.0 0.62 ±20.5 1.39 ±6.8 57.8 ±9.1 2.27 ±2.4 0.9880 
24.0 0.65 ±16.2 1.35 ±8.3 64.2 ±7.7 2.21 ±2.1 0.9849 
30.0 0.66 ±13.2 1.29 ±9.8 70.2 ±6.7 2.20 ±1.8 0.9828 
          
          
[P] = 2.5 µM 
          
          
6.0 0.18 ±18.0 1.21 ±6.7 27.0 ±2.7 3.25 ±4.5 0.9993 
12.0 0.38 ±19.2 1.37 ±7.1 43.0 ±5.4 2.36 ±3.2 0.9969 
18.0 0.51 ±17.1 1.48 ±8.7 50.8 ±5.9 1.90 ±2.9 0.9867 
24.0 0.53 ±13.3 1.40 ±10.6 57.9 ±5.0 1.87 ±2.4 0.9804 
30.0 0.59 ±11.8 1.18 ±10.0 65.8 ±5.9 1.90 ±1.8 0.9735 
          
          
[P] = 5.0 µM 
          
          
6.0 0.13 ±12.9 0.43 ±3.4 21.2 ±3.8 5.80 ±2.0 0.9930 
12.0 0.23 ±11.7 1.06 ±9.0 31.6 ±2.6 2.53 ±3.3 0.9962 
18.0 0.39 ±12.9 1.36 ±10.6 42.8 ±3.7 1.67 ±3.2 0.9796 
24.0 0.40 ±10.0 1.31 ±13.1 50.1 ±3.0 1.63 ±2.6 0.9730 
30.0 0.49 ±9.7 0.62 ±6.4 57.3 ±7.6 1.98 ±1.1 0.9661 
          
          
[P] = 7.5 µM 
          
          
6.0 0.05 ±5.0 1.56 ±31.2 14.3 ±0.2 1.84 ±10.8 0.9859 
12.0 0.15 ±7.6 1.30 ±17.0 21.9 ±0.9 1.86 ±5.9 0.9960 
18.0 0.23 ±7.7 1.43 ±18.6 32.7 ±1.2 1.62 ±4.4 0.9933 
24.0 0.30 ±7.4 1.72 ±23.3 41.8 ±1.3 1.36 ±4.1 0.9824 
30.0 0.36 ±7.2 1.76 ±24.3 49.7 ±1.5 1.31 ±3.5 0.9762 
          
          
[P] = 10.0 µM 
          
          
6.0 0.04 ±4.3 0.22 ±5.1 7.7 ±0.8 3.77 ±2.9 0.9888 
12.0 0.12 ±5.9 0.27 ±4.6 12.0 ±2.6 3.96 ±2.2 0.9868 
18.0 0.18 ±6.0 1.69 ±28.3 19.5 ±0.6 1.37 ±8.7 0.9966 
24.0 0.21 ±5.2 1.68 ±32.3 29.6 ±0.6 1.26 ±5.7 0.9927 
30.0 0.27 ±5.5 1.65 ±30.3 38.0 ±0.9 1.21 ±4.4 0.9788 
          
          





2.4.1. Oxidative hemolysis inhibition assay (OxHLIA) 
 
The method is based in the oxidation of erythrocyte membranes by AAPH-derived peroxyl 
radicals that induces oxidation of lipids and proteins and eventually causes hemolysis, and 
this hemolysis can be inhibited by antioxidants. OxHLIA is a good experimental model for 
free radical-induced biomembrane damage and its inhibition by antioxidants. Figure 43 (A1 
plot) shows the typical time-dose response of hemolysis curves using TRO at various 
concentrations 0-(25)-125 mM. The results were obtained from the study of Takebayashi et 
al. (2010) 153 who recently made a detail revision of the method. Figure 43 (A2 plot) shows 
the fittings (lines) of the equation [62] to the data in terms of RD (points) (fittins in Table 30). 
Figure 43 (A3 plot) and Table 27 shows the parametric results equations [63] and [64] (Pm 
and tm, respectively). Furthermore the computed criteria values Q and S to compare the AC 
are presented in Table 27. 
 
2.4.2. Oxygen radical absorbance capacity assay (ORAC)  
 
Currently, this method has been automated and transferred to a microplate format producing a 
large amount of dose-time-data effortless. The assay depends on the free radical damage to 
the fluorescent compound of fluorescein, which acts as the indicator of the reaction, changing 
its fluorescent intensity. It is assumed that the degree of change is indicative of the amount of 
radical damage. The addition of antioxidants results in a competitive inhibition in the free 
radical damage to the fluorescent compound. The data was obtained from the work of Ou et 
al. (2002) 197 who developed and validated the assay. Figure 43 (B1 plot) shows the typical 
time-dose response fluorescein decay curves in the presence 0-(0.05)-0.2 mg/L of grape seed 
extract (fittins in Table 30). Figure 43 (B2 plot) shows the fittings (lines) of the equation [62] 
to the data in terms of RD (points). Figure 43B3) and Table 27 shows the parametric results 
equations [63] and [64] (Pm and tm, respectively). Furthermore the obtained values Q and S to 
compare the AC are also summarized in Table 27.  
 
The complexity of the topic of antioxidants and pro-oxidants plus the confusion introduced by 
improper use of questionable methods leads to the disarray of the antioxidant research 
community and industry. Thus, a quantification method was developed for competitive assays 
and tested by investigating the capacity of several antioxidants in different competitive 
systems. The analysis of the AC of commercial antioxidants reveals the lack of meaning of 
single-time criteria and the possibilities of the proposal presented. The model parameters 
obtained were used to compare the capacity, identifying complex trends and analyzing the 
dose-equivalent system response, providing more complete information about A behavior and 
a more efficient way to determine the total antioxidant capacities that those techniques at a 
fixed point.  
 





          
Table 30: Parametric estimates and CI in percentage of the crocin bleaching kinetics as affected by the 
specified agents, according to model [62]. All the [A] are in µM. 
          
          
[A] 
BELL FUNCTION PARAMETERS 
         
Pm d tm i R
2
adj 
          
          
OxHLIA ASSAY 
          
          
25.0 42.11 ±2.1 1.36 ±16.9 73.37 ±2.4 14.33 ±1.6 0.9980 
50.0 73.57 ±1.4 2.85 ±7.3 84.25 ±2.5 7.01 ±3.9 0.9991 
75.0 90.82 ±2.1 4.25 ±3.8 93.62 ±1.9 4.37 ±10.8 0.9977 
100.0 98.92 ±3.0 3.89 ±5.4 100.40 ±2.3 3.87 ±15.0 0.9948 
125.0 99.00 ±3.6 3.49 ±6.2 106.92 ±2.2 3.35 ±25.5 0.9920 
          
          
ORAC ASSAY 
          
          
0.05 30.71 ±1.6 0.95 ±17.1 5.81 ±1.6 3.15 ±18.6 0.9984 
0.10 52.16 ±1.3 1.51 ±9.9 8.03 ±1.4 1.98 ±10.7 0.9986 
0.20 78.49 ±1.9 1.89 ±13.3 11.62 ±2.5 1.26 ±13.7 0.9946 
          






Figure 43: Analysis of other potential methodological applications. A: OxHLIA assay data, obtained from Takebayashi et al. 
(2010) 153 that shows the typical time-dose response hemolysis curves of TRO (0 , 25 , 50 , 75 , 100  and 125  
mM using sheep erythrocytes suspended at a concentration of 0.7% (v/v) in PBS incubated at 37°C with 40 mM of AAPH. B: 
ORAC assay data, obtained from Ou et al. (2002) 197 showing the fluorescein decay curve induced by AAPH in the presence 
of 0 , 0.05 , 0.1  and 0.2  mg/L of grape seed extract. Analytical criteria values (Q and S) used to compare the 
capacity among several antioxidants are presented in Table 27. All numerical results are in Table 30. 
 









V-D: Quantification, characterization and description of synergy and 
antagonism from the dose-response to the antioxidant response field. 
 
The development of new A compounds for incorporation in foods is a rapidly growing 
research area. The resulting interactions between complexes A mixtures is a key issue, 
however, research in this area is still in its infancy. Experimental A models based on 
conventional dose-responses that can predict joint effects of chemical mixtures are urgently 
needed. 
 
Constantly multiple chemical compounds are combined. Hence, in the food technology, 
pharmaceutical and medical fields the interest for understanding the effects of multiple 
chemicals is overwhelming 200. It is impossible to test every chemical combination. However, 
it is desirable to be able to predict effects of mixtures based on knowledge of the effects of 
simple binary combinations. Based on results previously published 46,135,201, when more than 
one A is present in a controlled chemical environment (HAT or SET), the final AC found, in 
many cases, is higher or lower than expected. However, in these fields of study, the concepts 
of synergy and antagonism are often characterized by simplistic relations between the 
individual effects and very basic experimental procedures 44–46, rather than generalizing the 
classical approaches from the risk assessment in the toxicological area 47–52. In addition, 
graphical approaches that avoid the application of response surface models are poorly suited 
to discern the joint effect of binary mixtures of antioxidants. This section pursues a solution 
for each one of these limitations. 
 
The A assays that evaluate the direct effectiveness of compounds against free radical species 
can be divided into two main reaction categories, depending on the mechanism involved, 
some assumptions and assessment type 10: 1) Hydrogen atoms transfer (HAT) which measures 
the classical ability of an A to quench free radicals by hydrogen donation 15; and 2) Single 
electron transfer (SET) which detects the ability of a potential A to transfer one electron to 
reduce any compound, including metals, carbonyls, and radicals 14,185.  
 
Authors consider that HAT-based methods are most relevant to reactions where As typically 
act. HAT-based reactions are solvent and pH independent, but the presence of reducing 
agents, including metals, can lead to erroneously high apparent reactivity 17. SET-based 
reactions are pH dependent, and the correlation between the different SET methods is 
significant 16, but not consistent due to the interference of trace components and contaminants 
(particularly metals), which causes variability and poor reproducibility. When monitoring the 
reaction pathway, it is very difficult to distinguish between HAT and SET reactions and the 
two reactions may take place simultaneously. There is certain agreement that complete HAT-
based assays include ORAC, TRAP, CBA, βCA and OxHLIA. While SET-based assays 
include ABTS, DPPH, FCR, FRAP, ferricyanide and CUPRAC.  
 
Despite the effort of researchers 44–46 to describe the synergistic/antagonistic effects, the lack 
of theoretical standpoints provided by classical approaches from other field of studies, may 
prevent researchers to find more conclusive solutions. This section illustrates a 
methodological procedure A assays to determine the synergistic and antagonistic effects of 
combining binary mixtures of antioxidants. 





1. A new general approach to describe the dose-response analysis in the joint 
action of two effectors. Simulation, identification and modeling of some basic 
interactions. 
 
In systems with several effectors, the results of dose-response (DR) experiments are usually 
assessed by checking them against two hypotheses: independent action (IA) and concentration 
addition (CA). Both are useful simplifications, but do not represent the only possible 
responses, and avoid to a large extent the analysis of the interactions that are possible in the 
system. In addition, these are often applied in such a way that they produce insufficient 
descriptions of the problem that raises them, frequent inconclusive cases and doubtful 
decisions. In this work a generative approach is attempted, starting from some simple 
mechanisms that show the response of an elementary biological entity to an effector agent. A 
set of simulations is formulated next through an equally simple system of logical rules, and 
several families of virtual responses are thus generated. These families include typical 
responses of IA and CA modes of action, other ones not less probable from a physiological 
point of view, and even other derived from common and expectable forms of interactions. The 
analysis of these responses enabled, firstly, to relate some phenomenological regularities with 
some general mechanistic principles, and to detect several causes by which the IA-CA 
dualism is necessarily ambiguous. Secondly, it allowed to identify different forms of synergy 
and antagonism that contribute to explain some controversial aspects of these notions. Finally, 
it led to propose two sets of explicit algebraic equations which describe accurately a wide 
diversity of possible and realistic responses. 
 
1.1. Introduction to Independent Action (IA) and Concentration Addition (CA) hypotheses 
to postulate modes of action 
 
The response of a population of biological entities to the action of an effector is typically 
sigmoidal and requires for its algebraic description (the dose-response model: DR) an 
equation with at least three parameters. If the response is altered by a perturbation agent, 
variations depending on the perturbator concentration must be expected in one or more of 
these parameters. If two effectors interact, one or more parameters corresponding to the action 
of each effector will vary, in the description of the joint response, as a function of the 
concentration of the other one. Although these premises are not much debatable, their 
practical application has the disadvantage of requiring a solution whose complexity increases 
in a more than linear way with the number of effectors considered. 
 
This justifies the common use of two simplifications: the IA (independent action) 50 and the 
AC (concentration addition) 47,48 hypotheses. Both avoid the mentioned disadvantage by 
postulating conditions that allow verifiable predictions about the joint response, using the 
individual DR models without adding new parameters. Next, we will point out that their 
formalizations are generally considered as empiric models lacking in mechanistic content –
which in our opinion is not completely true- and afterwards we will discuss the details of the 
IA and CA hypotheses. 
 
DR models are considered empirical (phenomenological, macroscopical) because they are 
descriptions whose reference is the distribution of the sensitivity to an effector in a target 
population. Although this provides them a statistical basis, ultimately the response depends on 
processes that take place at the level of the interactions between the effector quanta (ions, 
atoms, molecules, electric pulses, radiations) and the receptor structures of the biological 
system, a level that is ignored by the model. However, using a thermodynamic analogy, the 
(macroscopic) sensitivity distribution can be broken down into the (microscopic) distributions 




of other elements that are response-determining at a finer resolution level. These elements can 
be physical structures whose reduction to other simpler ones has no sense (as the number of 
receptors per biological entity), or more complex physiological limits (as a response 
threshold). In any case, they can be put in connection with the quanta of the effector agent 
through hypotheses of some general forms of molecular interaction in biological systems. 
 
Under this perspective, IA and CA hypotheses postulate modes of action, that is, they can be 
associated to general mechanisms or microscopic conditions that allow to propose variations 
capable of generating specific responses. To classify these variations from bibliographical 
experimental results is difficult because: the interference of the experimental error; the 
required categories are not usually considered in toxicodynamic studies; and the suitable 
designs for a given hypothesis rarely can be used to prove facts outside their conceptual 
frameworks. A way for eluding these difficulties is the use of simulation “experiments”. Both 
the statistical basis and the general types of mechanisms underlying the DR relationships 
(interactions between cell receptors, effectors and interfering agents) are sufficiently known 
for simulating microscopic conditions able to produce the corresponding macroscopic 
(population) results. 
 
In the simulations used in this work, simple properties for the microscopic determinants of the 
response were postulated, and a set of basic “sigmoidal scenes” –among them those 
associated with IA and CA hypotheses– were generated with the only assistance of logical 
(Boolean) rules. Additionally, more specific response surfaces were obtained by including in 
such rules some algebraic expressions describing concrete interactions as those that can take 
place in many physiological contexts (activation/deactivation, competence/cooperation, steric 
hindrance). The results allowed to illustrate the status of IA and CA hypotheses within the 
field of the possible responses, to characterize several types of perturbations and interactions, 
and to propose explicit algebraic models that translate the mechanics of the response into 
specific parametric variations. Although in some cases the practical utility of these models 
can be limited by a low number of observations and a high experimental error, the simulations 
constitute always a useful reference for interpreting a complex response, inferring the type of 
mechanism involved and suggesting complementary experiments. 
 
1.2. Current mathematical concepts of null interaction, synergy and antagonism. IA and 
CA hypotheses 
 
In any system (as defined in the Bertalanffy’s sense: a set of interacting elements), an 
important and characteristic problem is to know whether the joint effect of two or more 
elements on the system behavior is deducible from their individual effects. This issue, with a 
long history of controversy whose first known attempt goes back to Aristotle, is often stated 
by replacing «deducible» with «the sum», what leads to define the notions of synergy and 
antagonism as those interactions by virtue of which the joint effect of two (or more) effectors 
is greater (synergy) or lesser (antagonism) than the sum of the individual effects. 
 
In order to examine the meaning of this non-acceptable statement, let us to consider a system 
in which two effector elements (E1 and E2) can act, and let us to denote the possible 
behaviours or responses of such a system as R1 and R2 (if only E1 or E2 are present), R1,2 (if 
E1 and E2 do not interact), and R1&2 (if E1 and E2 interact). In these conditions it can be 
accepted that any judgment on possible interactions requires to compare R1,2 with R1&2, what 
leads to define synergy and antagonism, respectively, as those interactions in which R1,2<R1&2 
and R1,2>R1&2. 
 




This implies that the necessary reference to assess any interaction is the response of the 
system in the absence of interactions (the null interaction). Now then, to define the null 
interaction implies, in turn, that any mechanism must be postulated as underlying at any 
concrete behavior of the system. Addition is the simplest mechanism, and its most immediate 
options consist of supposing that the added magnitudes can be the effectors (acting as one 
alone), or the effects on the system of their independent actions (the responses of the system 
to such actions). 
 
Let us suppose now that the response has a superior limit, as it occurs, for example, in the 
case of the death-survival alternative in a microbial population under increasing doses of two 
toxics. If the added magnitudes are the concentrations of the toxics, the response will be, in 
fact –although it can be expressed as a function of two independent variables–, that would be 
obtained with the resulting value as dose of a single toxic. The response addition is more 
problematic, since it is obvious that if one cell dies when one of the doses reaches a given 
level, it will die independently on the level of the other dose, simply because it cannot die 
twice. 
 
These two types of sum are the foundations of the two basic accepted modes for describing 
the joint action of two effectors under null interaction conditions: concentration addition and 
independent action. Although both can be applied –at least in theory– to any number of 
effectors, here will be discussed in their simplest forms, for two effectors (their 
generalizations are, anyway, immediate). 
 
1.2.1. Independent action hypothesis 
 
It supposes that the effectors act through different mechanisms, whose asymptotic maxima are 
reached through statistically independent phenomena. Under this premise, the probability 
theory allows to define the response as the sum of the probabilities of the individual 
phenomena minus the probability of their joint occurrence 49,50. Consequently, if Rc is the 
response to the joint action of c1 and c2 concentrations, and Rc1 and Rc2 the individual 
responses at the same concentrations, it can be established: 
 
1 2 1 2c c c cR R R R R    ; or, equivalently:  1 2 11c c cR R R R    [70] 
 
An expression easily generalizable to more than two effectors is obtained by writing the first 
Rc1 in the second member of [70] as 1–(1–Rc1): 
 
       1 2 1 1 2 11 1 1   1 1 1c c c c c cR R R R R R R              and, finally: 
  1 21 1 1c cR R R     
[71] 
 
1.2.2. Concentration addition hypothesis 
 
In its classical formulation 47,48, null interaction is not defined as a relation between the 
individual responses, but through the following criterion: since the concentration (c) of an 
effector whose action obeys the equation R=f(c) can be considered as a fictitious combination 
of c1 and c2 concentrations (c=c1+c2), it is obvious that the response to c will be described by 
the equation R=f(c), with c=c1+c2. If the response to a mixed dose of two effectors behaves as 
the response to the “mixed” dose of the same effector, it is accepted that the interaction 
between them is null, implying that any effector concentration can be substituted by the 
equieffective concentration of the other one. The conventional practice avoids in this case an 
explicit algebraic formulation for the joint response and resorts to the analysis of the isoboles 




202, or lines that, on the plane of the independent variables, represent the dose combinations 
that produce an equal response. Thus, if D1 and D2 are the doses of two effectors that produce 
the individual response Ra, and d1 and d2 any dose combination that produces the same joint 
response Ra (Figure 44), under null interaction conditions the isobole of the response Ra will 







   [72] 
 
Consequently, if the individual DR models are Ri=fi(Di) and their reciprocal functions 
Di=gi(Ri) exist, it can be established that: 
 
















In other words: straight isoboles indicate null interaction, and concave and convex up isoboles 
indicate synergy and antagonism. The dimensionless quotients di/gi(Ra) are called toxic units 
and represent the relative contribution of each effector to the joint response Ra. 
 
 
Figure 44: Isobole of a response Ra. In 1, 2 and 3 the geometric logic underlying the analysis of the CA hypothesis through 
the Eq. [73] is shown. Type 4 isoboles arise in many real responses corresponding to the IA hypothesis with null interaction, 
and illustrate the limitations of the relation between factual and formal aspects of isobole analysis beyond a particular case of 
the CA mode of action. 
 
1.2.3. Some problems associated with the AI-AC approach 
 
A first unsatisfactory aspect of this approach is the difference between the formal criteria 
applied to each mode of action. IA hypothesis proposes an explicit response surface model, 
but a general agreement does not exist about the ways in which synergy and antagonism must 




be formulated. CA hypothesis avoids the explicit model, but Eq. [73] is accepted as a criterion 
for detecting synergy and antagonism. This criterion, however, is not transferable to the IA 
framework, whose mathematical form prevents straight isoboles in null interaction if –as it 
occurs in most DR relationships– the individual responses R1 and R2 are of sigmoidal type. As 
a general rule, IA isoboles in null interaction are convex up at low doses, concave up at high 
doses, and with two branches of opposite curvature in a transitional zone when R1≠R2 (Figure 
44). But the factual meaning of this formal property cannot be attributed to synergy or 
antagonism, only implying that the probability that at least one dose is lethal is low at low 
doses and high at high doses (another outcome of the statistical independence, as the above 
mentioned impossibility of dying twice). 
 
In CA hypothesis, the absence of an explicit model is another disadvantage. A measure of the 
sign and degree in which an isobole deviates from linearity is provided by Eq. [73], and 
isoboles with a variable degree of curvature and asymmetry can be defined by using 
alternative expressions as Eq. [74] described by 203 or Eq. [75] described by 204. 
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where the additional parameters β or  are more precise indexes of synergy and antagonism. 
Although these equations would enable the construction of isobole maps by solving them 
numerically, the procedure is laborious and in practice is usually applied only to the isobole at 
the half-maximum response. Furthermore, in this approach a homogeneous isobolic curvature 
is postulated for the whole of the domain considered, a property which, as we shall see later, 
is not necessarily true. 
 
Some joint responses to chemically similar/dissimilar effectors were suitably described with 
CA/IA models, respectively 205,206. However, there are evidences, as well, that these modes of 
action are not always obeyed by the reality. Jonker et. al 207 have proposed in each case, 
besides synergy and antagonism, other deviations from null interaction which were defined a 
priori as effects depending on the absolute dose levels or dose ratios, thus enabling 
synergistic and antagonistic displays on different regions of the same response surface. But 
even so, the reality seems to be richer: in a revision of 158 cases, Cedergreen et. al 208 found 
that 20% were adequately predicted only by IA, 10% only by CA, another 20% admitted both 
models and half of the cases were not correctly described with either the two. Moreover, 
neither of the models was significantly better than the other on assessing synergy and 
antagonism at the 50% effective doses. 
 
These results are not, really, surprising. Considering Figure 45, it can be admitted that if the 
toxic action takes place only through the ways k1 and k4 (k2=k3=0), or k2 and k3 (k1=k4=0), the 
model will be IA, and if only through k1 and k3 (k2=k4=0), or k2 and k4 (k1=k3=0), it will be 
CA. But if none of the rate constants is null, the model will be predominantly IA or CA (or 
none of them) depending on the relationships among the ki values. Additional complexities 
can be brought by differences in hindrance mechanisms, selectivity of cell channels or 
conditions of cell dying (individual or simultaneous levels of M1, M2 and M3). In any case, 
IA and CA modes of action are not mutually exclusive alternatives, but ends of a continuum 
or, even preferably, points in a space of possible responses. In our laboratory, these 




ambiguities have been detected not only in the joint action of hydrocarbons and dispersants on 
the larval growth of sea urchin 209, but also, as we will see, in the simpler context of the 
oxidation inhibition of a substrate by the joint action of two antioxidants. 
 
 
Figure 45: A: Hypothetical pathway on which depends the survival of an elementary biological entity. It is supposed that: a) 
the effectors E1 and E2 can hinder the pathway at the sites marked as  and ; b) such effectors act with different 
mechanisms in different SiMi ways, but with the same mechanism in each way. Under these conditions, the degree in 
which the joint action proceeds according to the IA or CA modes depends on the rate constants k1 a k4 ratios (see text). In B, 
a CA component exist always, which may or may not be combined with an IA component. 
 
1.3. DR model for a single effector 
 
The natural form of a DR model is a cumulative (mass) probability function, since it translates 
the response of a population with a given distribution of its sensitivity to an effector. Four 
additional conditions seem reasonable as well: 1) the model should have an explicit algebraic 
form; 2) it should be lacking in intercept (null response at null dose); 3) an asymptote equal or 
lesser than 1 should be enabled; 4) the parameters with important factual meaning should be 
explicitly included, to facilitate the trial of initial values and the calculation of CI when non-
linear fitting methods are applied. 
 
Although normal and log-normal distributions have been the basis of the classical DR 
analysis, they have the disadvantage of lacking of an explicit form for their cumulative 
functions. Logistic-type equations are more useful and they can be expressed in forms 95,132 
easily modifiable to comply with the above mentioned conditions. However, their derivatives 
(their density functions) show only right bias, which can be a scarcely realistic restriction. 
Another option is the Gompertz equation, but its use is prolix, especially with the 
modifications that are required to apply it into the DR context. The cumulative function of the 
Weibüll distribution 104 can be expressed in a suitable reparametrized form 210–212 that 
provides the DR model. The model is the same one as the one presented in Eq. [22] 
substituting the variable t (time) by the variable dose of a general agent (D) as follows: 
 




  1 exp ln 2 aR K D m      ; briefly:  ; , ,R W D K m a  [76] 
 
The meaning of the parameters remain the same, R the response (with K as asymptotic 
maximum, not necessarily 1), m the dose producing half-maximum response, and a a shape 
parameter related to the maximum slope. Other interesting values can be computing using Eq. 
[24] for vm, Eq. [25] for v, Eq. [26] for tK, Eq. [27] for  and to calculate the dose 
corresponding to any response R the Eq. [23] can be used, but in all cases the variable t must 
be replaced by the variable D. 
 
The use of the Eq. [22] in the form of Eq. [76] as DR model is interesting for several reasons. 
Its density function (the distribution of the sensitivity of the population) can be symmetrical 
or asymmetrical with right or left bias, which makes it very versatile. It produced the best 
fittings, among the above mentioned alternatives, when it was applied to the simulations that 
will be described in the next sections, and this result was repeatedly confirmed by 
experimental data 155,161,209,210,213. Finally, the fact that Weibüll’s distribution is the 
conventional model for the failure of complex devices makes it attractive, since it unifies 
phenomena in which a profound analogy underlies.  
 
1.4. Simulated experimental results to test different hypothesis 
 
Hereafter we will call effector any agent able to cause a (typically sigmoidal) response in a 
population of biological entities, and perturbator to any agent that can alter the response to an 
effector, itself being unable to cause it. Receptor is any biological structure acting as ligand of 
effector or perturbator. The term dose is reserved to the concentration of an effector. In the 
simulation procedures that are described later, the Weibüll’s random numbers w:(;) were 
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To facilitate comparisons, doses were coded into the [0-(0.1)-1] interval, and responses were 
calculated by establishing that when of a total number Y of biological entities, S survive at a 
given dose, the population response is R=1–(S/Y). Simulated and experimental results were 
adjusted to the proposed models by non-linear least squares methods (quasi-Newton), in 
Microsoft Excel spreadsheet, using Solver complement for parametric estimates, and Solver 
Aid macro for CI and model consistency (Student’s t and Fisher’s F tests, respectively, with 
=0.05 in both cases). 
 
1.4.1. Simulation of the response to a single effector 
 
Since the basic sigmoidal profile of the DR relationships translates a macroscopic, statistical 
phenomenon, it should be possible to simulate it as a result of the microscopic behavior of a 
population of elementary biological entities, which we will call cells. Such a simulation can 
be carried out on the following basis: 
 




B1. One cell is defined by means of three random magnitudes: , or number of receptors of 
an effector, , or number of active receptors –ready for linking the effector– in a given 
instant, and , threshold or minimum number of active receptors that must be linked to 
effector so that the response takes place. 
B2. The dose D is defined as the number of effector units per cell, accepting that every unit 
is capable of linking to one receptor. 
B3. The cell response r is limited to two modalities: death (r=0) and survival (r=1), obeying 
the following logical rule: 
 
R0:    r = IF(<;1;IF(D<;1;0)) 
or, as a Boolean proposition ( : AND,  : OR,  : NO, 1: TRUE, 0: FALSE): 
R0:    r = (<) ( (<) (D<)) 
[77] 
 
Notice that < implies r=1 at any dose. It translates possible limitations in the effector 
bioavailability, resistant cells or other conditions which, relatively frequent in DR 
assays, produce lesser than 1 asymptotes. 
 
Although  (highest limit of ) is interesting in some cases, hereafter it will be omitted 
without loss of generality, and a cell will be defined through the pair , . Thus, if we assign 
to  and  probability distributions defined by their mean and variance values, we can create, 
in a spreadsheet, a virtual cell population whose sensitivity distribution depends on the 
parameters defining  and . The population response R to an increasing dose series is 
simulated by applying the rule of Eq. [77] to each cell and defining R=1–(S/Y) when S cells, 
of a total number Y, survive at a given dose. The typical shape of the response arises even at 
moderate population sizes (Y100) and becomes highly stable when Y1,000. At low 
population sizes, the variability of the result represents a simulation of the natural variability, 
the experimental error, or both. 
 
These premises define the minimum complexity of a system able to generate a sigmoidal 
response and, despite their schematic character, they produce a great variety of profiles, 
depending on the parameters defining  and . Although the microscopic solution of the 
system is determined by such parameters, the obtained profiles can be macroscopically 
described by the conventional equations of the DR analysis. 
 
The use of the Weibüll’s distribution for defining  and  is not essential. With normal, log-
normal, Poisson, binomial, or even uniform distributions, the best descriptions of the 
responses are obtained, as is said, with the Eq. [76]. However, distributions with domain [0,) 
are obviously preferable, since low means and high variances in (–,) distributions lead to a 
finite probability of negative values of  and , which lacks of physical meaning. 
 
1.4.2. Simulation of perturbations of the response to an effector 
 
Using the elements above defined, we will admit that a perturbator does not produce a 
response by itself, but it can modify the response to an effector by altering the number of 
active receptors (), the threshold () or the effective dose corresponding to the nominal dose 
(D) (hereafter ,  and D-perturbations, respectively).  and D-perturbations can be 
illustrated in molecular terms through the well-known key-lock analogies (Figure 46). -
perturbations require to suppose an intermediate fast process modifying the cell sensitivity. 





      
Table 31: A possible systematic on the modifications of the response to an effector. When the modifier 
is a second effector (interactions), unidirectional and reciprocal effects can be considered in every 
case. For details, see text. 
      
      
object of the modification value 
 modifier do not 
promotes response 
(perturbations) 
 modifier is 
another effector 
(interactions) 
      
      
effective dose corresponding 






 lower  DEPRESSION  ANTAGONISM 
      
      
number of active receptors higher  STIMULATION  ACTIVATION 
 lower  INHIBITION  INACTIVATION 
      
      
threshold higher  INSENSITIZATION  ATTENUATION 
 lower  SENSITIZATION  ENHANCEMENT 
      
 
All of them can be exemplified by common physiological mechanisms as those take place in 
trans-membrane proteins, second messengers or enzymatic systems, and any DR assay allows 
to distinguish at least between  and D-perturbations. Indeed, in the presence of an excess of 
effector, a moderate increment of perturbator modifies or not the response depending on 
whether the perturbation acts over the receptors or the effector.  
 
The effect of these perturbations on the response can be simulated by using the rule R0 and 
adding a vector that represents increasing perturbator concentrations, as well as a criterion for 
modifying the values of ,  or D as a function of the perturbator concentration. Since direct 
or inverse ratios are the simplest criteria, a perturbation term can be formulated as: 
 
1U p P    ;  ( = , , D) [78] 
 
where P is the perturbator concentration, p the proportionality coefficient, and the  subscript 
indicates the element affected by the perturbation. The term U multiplies or divides the 
values of D,  or  depending on the effect that we are trying to achieve, and it can be 
replaced by any other algebraic expression able to describe any other type of alteration. 
 
Now, it can be pointed out that if a DR curve is sigmoidal because the most sensitive elements 
of a population die at lower doses than the most resistant ones, a time-response curve will be 
sigmoidal if the distribution of the sensitivity of the population is translated into responses at 
shorter or longer times. Although this problem will not be considered here, the time-course of 
the response could be treated also in terms of molecular interactions which, in this case, 
accelerate or delay the progress of the effect (Figure 46).  
 
In some fields –e.g. marine toxins–, the death time of a target organism replaces often the 
response in the framework of empirical dose-death time models 215–218. We do not allude here 
to this approach, but to the time-response relationships, which can be described by using the 
same models as DR analysis 213. 
 






Figure 46: Some key-lock analogies illustrating the response modifications involving alterations of the effective dose or of the 
number of active receptors (see Table 31). Notice that the alterations of the effector-receptor affinity (for reasons of briefness 
only perturbations are illustrated) do not modify the response to a given dose, but the response to a given time. 
 





1.4.3. Simulation of the response to two effectors 
 
In this case, the perturbator must be replaced by a second effector, but the essential issue is 
the need to include in the simulation algorithm, even in the absence of any interaction, any 
rule about the joint action. The simplest hypothesis in this regard leads to admit that: 1) the 
receptors are specific of the effectors; 2) the cell response is r=0 if any of the doses exceeds 
the corresponding threshold and there is a sufficient number of receptors. Thus, the rule is: 
 
R1: r = IF(AND(OR(1<1;D1<1);OR(2<2;D2<2));1;0) 
 r = ((1<1) (D1<1)) ((2<2) (D2<2)) 
[79] 
 
These conditions are reminiscent of IA hypothesis and in fact, as we shall see later, they 
produce the typical IA response surfaces. Now then, both conditions can be denied, what 
seems quite reasonable for the second one 219, since it prevents to accept that two biological 
subsystems –e.g. glycolysis and -oxidation– can be affected at individually sublethal, but 
jointly lethal levels. By denoting the first condition (specificity) as S+ and the second one 
(independence) as I+, three additional rules, besides S+I+, can be considered: 
 
 S+I–. It admits that 1) the effect Gi of a dose Di below threshold i is Gi=Di/i; 2) Gi 
values are additive; 3) r=0 if G1+G21 and there enough receptors: 
 
R2: r = IF(Di<i;IF((D1/1+D2/2)<1;1;0);IF((1/1+2/2)<1;1;0)) 
 r = (Di<i) ((D1/1+D2/2)<1)  (Di<i) ((1/1+2/2)<1) 
[80] 
 
 S–I+. It admits that any effector has access to the whole of the receptors (1+2), what 
produces competence if they are insufficient. Competence depends on factors as the relative 
doses of the effectors, their diffusivity or their affinity for the receptors, but to simplify, only 
relative doses will be considered here: C1=D1/(D1+D2) and C2=D2/(D1+D2). Thus, the number 
of receptors linked to Di will be Ci(1+2), what leads to the rule: 
 
R3: r = IF(Di<i;IF(AND(OR(i<1;D1<1);OR(i<2;D2<2));1;0); 
             ;IF(AND(OR(i<1;C1(1+2)<1);OR(i<2;C2(1+2)<2));1;0)) 
 r = (Di<i) ((i<1D1<1)) ((i<2D2<2))   
       (Di<i) ((i<1C1(1+2)<1)) ((i<2C2(1+2)<2)) 
[81] 
 
 S–I–. It admits simultaneously competence (if the receptors are insufficient) and 
additivity of below-threshold effects. The rule is: 
 
R4: r = IF(Di<i;IF([Di/i]<1;1;0);IF([Ci(1+2)/i]<1;1;0)) 
 r = (Di<i) ((Di/i)<1)  (Di<i) (Ci(1+2)/i<1) 
[82] 
 
None of these rules implies the sum of the doses required by the CA hypothesis. This 
condition plays down the receptor specificity, but again the competence arises if the receptors 
are insufficient. If both effectors have the same threshold, the response is not modified by the 
competence. If the thresholds are different, the number of occupied receptors will depend on 
the relative doses and will be Ci(1+2), turning the dose addition effect in below-threshold 
addition effect: Gi=Ci(1+2)/i. Therefore, two rules are possible, any of which produces the 
response surfaces with straight isoboles that characterize the null interaction in the CA 
hypothesis:  
 





R5a: Without competence (equal thresholds): 
 r = IF(AND(i<1;i<2);1;IF(AND(Di<1;Di<2);1;0)) 
 r = (i<1) (i<2)  ((i<1) (i<2)) (Di<1) (Di<2) 
[83] 
 
R5b: With competence (different thresholds): 
 r = IF(AND(i<1;i<2);1;IF(AND(Gi<1;Gi<2);1;0)) 
 r = (i<1) (i<2)  ((i<1) (i<2)) (Gi<1) (Gi<2) 
[84] 
 
1.4.4. Inherent and accidental mechanisms 
 
Concrete assumptions (about specificities, thresholds, competence and dose or effect addition) 
as those included in the rules R1 to R5 are indispensable for any joint action hypothesis, and 
they represent mechanisms that are inherent to a given null interaction model. Over these 
minimal, inherent modes of action, accidental mechanisms (interactions) can be 
superimposed, in which each effector can perturb the response to each other by modifying the 
number of active receptors, the threshold or the effective dose corresponding to the nominal 




1U q D    ;  (2 = 2, 2, D2) [85] 
 
which is included into the rules R1 to R5, as a factor or divisor of D2, 2 or 2. 
 
The interactions can be unidirectional (E1 alters some factor related with E2, but E2 does not 
alter E1 accordingly) or reciprocal (mutual alterations), and these last ones can or cannot be 
symmetrical (the same or different strength in both directions). Whereas the reference of a 
perturbation is the response in the absence of perturbator, the reference of an interaction is the 
inherent mechanism or null interaction. This implies that a given interaction has different 
consequences depending on the inherent mechanism in whose frame it acts.  
 
A systematic in this regard is proposed in Table 31, which attempts to preserve the main 
senses of the usual terminology 220, and whose categories allow simulations and specific 
formal descriptions. Although this terminology can be used without ambiguity, it seems 
preferable to simplify it by defining stimulation/inhibition as perturbations that 
increase/decrease the response to an effector, and synergy/antagonism as interactions that 
increase/decrease the joint response to two effectors with respect to the response promoted by 
the null interaction. 
 
1.5. Perturbations of the response to a single effector 
 
Simulations of the response to an effector in the presence of increasing concentrations (P) of a 
perturbator are shown in Figure 47, under the three conditions that depress such a response 
(decrease of the effective dose, decrease of the number of active receptors and increase of the 
threshold). Individual fittings of the resulting profiles to the model [76] proved that, in each 
series, the estimates of K and m parameters varied as a function of P in specific ways (table 
2), thus enabling to identify the underlying perturbation. Although the maximum slope varied 
as a consequence of the variations of K and m, the parameter a remained constant in all cases. 
 




































































































   
Figure 47: Effect of a perturbator on the response (R) to a same dose series (D) of an effector and the parameters of the Eq. 
[89]. The three cases in which the perturbation depresses the response are illustrated: reduction of the effective dose 
corresponding to the nominal one (left), reduction of the number of active receptors (center), and increase of the threshold 
(right). Dots are simulated results in the absence () and presence () of increasing concentrations of the perturbator, and 
lines the respective fittings to the model [89]. See also Table 33 and Table 32. 
 
     
Table 32: Simulation conditions of the responses to an effector as perturbed according to the three 
modalities that cause response drop, and respective fittings to the model [89]. See also Table 31 and 
Figure 47. 
     
     
 (mean; sd)  120;48 120;48 120;48 
 (mean; sd)  80:32 80:32 80:32 
p  pD=0.006 p=0.006 p=0.006 
     
     
K  0.7480.002 0.7560.004 0.7600.005 
m  0.3520.001 0.3530.002 0.3610.003 
a  2.6960.015 2.6850.042 2.6850.045 
     
     
bK  - -0.5420.013 -0.4000.028 
cK  - 0.6310.038 0.6710.061 
bm  1.1980.009 -0.3850.013 0.5640.030 
cm  - - - 
     
     
R2adj  0.9999 0.9998 0.9994 
     
Number of active receptors () and threshold () are defined by means of aleatory Weibüll numbers. Doses and 
perturbator concentrations varies in the natural domain [0-(20)-200] and are coded in the domain [0-(0.1)-1]. p 
coefficients –which operate on natural values of D,  and – are those defined in Eq. [78]. Arrows indicate 
increase () and decrease () of the affected element. 
     
 





          
Table 33: Variations (+: increase; –: decrease; 0: no change) in the parameters of the response to an 
effector, as described by the Eq. [76], due to the presence of an agent which produces the specified 
perturbations. Maximum slope, but the parameter a remains constant in all cases. 
          
          
  alteration due to the perturbator 
          
          
  effective dose  active receptors  threshold 
          
          
  higher lower  higher lower  higher lower 
          
          
K  0 0  + –  – + 
m  – +  + –  + – 
          
 
Such a constancy of a is not surprising, since the simulations with the rule R0 prove that the 
variation of this parameter is related with the variations of the variances of  and , a 
condition that was not considered in any case. Such a restriction simplifies the analysis and is 
not arbitrary. From the microscopic point of view adopted for the effector and perturbator 
actions, variations in the number of receptors and threshold are clear possibilities, but it is 
more difficult to justify an action on a population property like the variance. 
 
To obtain a simultaneous solution for every series of profiles, an auxiliary function (a 
perturbation function ) is required for describing the possible variations of any parameter  




Figure 48: Possible variations of a parameter () of the response to an effector, as a function of the concentration of a 
perturbator (P). Any of the Eq. [86], Eq. [87] and Eq. [88] can produce all the profiles. C, A, L, 0: increasing, asymptotic, 
decreasing and null variation, respectively, increasing (+) or reducing (–) the parametric value. 
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where the  subscript represents the modified parameter (K, m), 0 is the parametric value 
when P=0, and the pairs b, c are fitting coefficients. It should be noted that, in the absence 
of perturbation, the first function requires b=0 and c=1, whereas the other two require b=0 
and c=0. Moreover, in the third function the condition cP = –1 produces a singularity. To 
avoid it, when P is coded in the interval [0,1] it is advisable to include the restriction c>–
0.999 in the fitting algorithm. Thus, the Eq. [76] turns into: 





 ; , ,k mR W D K m a   [89] 
 
With any of the mentioned forms of , the Eq. [89] led to excellent simultaneous fittings, 
which confirmed the specificity of the parametric variations found in the individual 
descriptions. Figure 47 and Table 32 show the results obtained with the hyperbolic Eq. [88], 
which will be the form used now on. The description of the inhibition by ouabain of the 
hemolytic capacity of palytoxin 155 illustrates the application of the Eq. [89] to the 
perturbations of a time-response profile. When the Eq. [89] is satisfied with uni-parametric  
(b=0 or c=0), the relationships between confidence intervals CI  and parametric values are 
approximately of the same numerical size in all te cases. When b0 and c0 are required, 
both CI are penalized by the linear correlation between both coefficients, and therefore, with 
high experimental error and low number of observations, some b, c pair can become not 
statistically significant, even in highly predictive models. This problem is solved if the model 
is recalculated fixing the value of one of the coefficients and excluding it of the Student test, 
or –with a small loss of predictive capability– making zero the coefficient of the pair whose 
suppression does not alter the increasing or decreasing trend of the parametric variation due to 
the perturbation function. 
 
Finally, it is interesting to observe that in D-perturbations two equivalent solutions are 
possible. One of them is that provided by the Eq. [89], describing the variation of m (the only 
affected parameter) due to the presence of the perturbator. The other one describes directly the 
variation of the effective dose through the equation: 
 
 ; , ,DR W D K m a  [90] 
 
Later on we will see that this dual solution is not possible in interactions. 
 
1.6. The response surfaces to two effectors 
 
Among the five basic types of response produced by the rules R1 to R5, only two of them 
were in accordance with those corresponding to IA and CA hypotheses and the diversity grew 
when interactions were included. Two reasons prevent to qualify this diversity as lacking in 
realism: it involves options that are implicit in the same rules that produce IA and CA 
responses, and it translates common physiological mechanisms. In fact, the situation seems to 
be just the opposite one. As Rovati et. al 221 pointed out regarding the cases of partial agonist 
effects, or effectors able to interact with receptors promoting opposite effects, there are 
responses «that were often disregarded by the experimentalists, or considered as artifacts, in 
the absence of a biological and/or mathematical theory to justify them». It was scarcely 
surprising that the parametric variations due to interactions showed the same specific 
increasing and decreasing trends as those due to perturbations (Table 33), in linear or 
asymptotic forms (Figure 48) depending on quantitative factors. 
 

















































































































































































































Figure 49: Joint response to two effectors in the four suppositions resulting from combining the two implicit key conditions of 
the IA hypothesis (see text). In the first column, dots are the result of simulations and surfaces the respective fittings to the 
Eq. [93]. Isobolograms, correlations between observations and predictions and parametric variations (Ki: , mi: ) of the 








1.7. Modeling of interactions under the independent action hypothesis 
 
As expected, the response surfaces produced by the rule R1 were consistent with the IA 
hypothesis (Figure 49, Table 34) and could be accurately described by transferring Eq. [76] to 
Eq. [71]: 
 
   1 1 1 1 2 2 2 21 1 ; , , 1 ; , ,R W D K m a W D K m a           [91] 
Since each effector can act as perturbator of the response to the other, by altering effective 
doses, active receptors or thresholds, auxiliary functions i can be defined in terms as those 
applied to the perturbations. Thus, the Eq. [91] will be written, in its most complex form:  
 
   1 1 1 1 1 1 2 2 2 2 2 21 1 ; , , 1 ; , ,K m K mR W D K m a W D K m a              
where:    1 1i i j i jb D c D        ;   ,K m    ;   i j  
[92] 
 
When this equation was used to describe the corresponding simulations, the specific 
variations in the parameters Ki and mi led to discriminate all the modalities of interaction 
(table 2), whose main types are summarized in Figure 49, Figure 50 and Table 34. In 
interactions affecting the effective dose, the dual solution that is possible in the homologous 
case of the perturbations is reduced here to the option in which the parametric variations 
affect only to mi. 



















































































































































































































Figure 50: Some examples of joint responses to two effectors under IA mode of action with the specified interactions, 
adjusted to the generalized Eq. [93]. Keys and graphic criteria as in Figure 49. 
 
 





         
Table 34: Simulation conditions and respective fittings to the generalized IA model in the specified examples. Active receptors (i) and thresholds (i) were 
defined as in Table 32. Doses vary within the natural domain [0-(10)-200] and are coded for fittings within the domain [0-(0.1)-1]. q coefficients defined by 
Eq. [85]: a notation as D12 means that the effector E1 reduces the value 2. 
      1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1; , , ; , , 1 ; , ,k m k m k mR W D K m a W D K m a s W D K m a          ;  where:        ;      ;  1 1 , ,i i j i j i i jb D c D D K m        
         
         
  S+I+ (independent action)    
         
         
  null interaction antagonism -antagonism -antagonism S+I– S–I+ S–I– 
         
         
receptors (1=2)  120;48 120;48 120;48 120;48 100;40 100;40 95;38 
1 threshold  90;36 80;32 80;32 80;32 95;38 95;38 100;40 
2 threshold  75;30 80;32 80;32 80;32 95;38 95;38 100;40 
q [D1D2]  - 0.012 [D1D2] - - - - - 
q [D2D1]  - - - - - - - 
q [D12]  - - 0.01 [D12] - - - - 
q [D21]         
q [D12]  - - - 0.01 [ D12] - - - 
q [D21]  - - - - - - - 
         
         
Basic (sigmoidal) parameters K1 0.685±0.002 0.749±0.001 0.750±0.003 0.753±0.002 0.533±0.007 0.935±0.006 0.926±0.005 
of the joint response m1 0.382±0.001 0.352±0.001 0.356±0.002 0.355±0.002 0.368±0.006 0.446±0.003 0.473±0.003 
 a1 2.680±0.027 2.691±0.022 2.661±0.034 2.697±0.034 2.729±0.106 2.667±0.051 2.584±0.047 
 K2 0.780±0.001 0.747±0.002 0.753±0.004 0.752±0.004 0.535±0.007 0.937±0.006 0.925±0.005 
 m2 0.337±0.001 0.351±0.002 0.353±0.002 0.355±0.003 0.369±0.006 0.446±0.003 0.471±0.003 
 a2 2.702±0.022 2.706±0.027 2.657±0.049 2.669±0.053 2.703±0.105 2.658±0.051 2.607±0.048 
         
         
Joint probability factor s 1 1 1 1 1.029±0.005 1.339±0.004 1.054±0.001 
         
         
Perturbations due to D1 bk2 0 0 -0.712±0.042 -0.632±0.067 0 0 0 
modifying the parameters ck2 0 0 0.936±0.085 1.066±0.120 5.971±0.219 0.198±0.025 0 
of the response to D2 bm2 0 2.434±0.031 -0.574±0.033 1.074±0.072 0 0 0 
 cm2 0 0 0 0 5.690±0.265 0 2.684±0.111 
         
         
Perturbations due to D2 bk1 0 0 0 0 0 0 0 
modifying the parameters ck1 0 0 0 0 5.573±0.216 0.193±0.025 0 
of the response to D1 bm1 0 0 0 0 0 0 0 
 cm1 0 0 0 0 6.097±0.274 0 2.792±0.112 
         
         
 R2adj 0.9999 0.9998 0.9996 0.9996 0.9994 0.9994 0.9997 
         
         
Simulation conditions were defined in such a way that produced a typical surface in each case. In S+I+ (IA) the three basic types of antagonistic unidirectional interactions are 
shown. Parametric structures of synergistic and reciprocal interactions (some examples in Figure 50 and Figure 51) are immediate by symmetry considerations. 
         
 





1.7.1. Partial forms of independent action.  
 
The rules R2 to R4 combine the three alternatives to the two conditions of R1 that define the 
typical independent action, and the corresponding simulations showed that unspecific 
receptors create a competence which depresses the response, while additive below-threshold 
effects promote a cooperative effect with an opposite enhancing result. Since the Eq. [70], that 
describes IA mode, contains a term (the product of the individual responses) translating the 
joint probability, it can be supposed that the cooperative and competitive effects could be 
described by including in Eq. [70] a coefficient s modifying the contribution of that term. 
 
However, the fitting tests proved that the coefficient s is necessary, but no sufficient, and that 
accurate descriptions (Figure 49) require parametric structures including interaction terms 
(table 4). This seems contradictory with the definitions of inherent mechanism and accidental 
interaction proposed in 2.7, since S+I–, S–I+ and S–I– modes (like IA=S+I+ one) represent 
inherent mechanisms, without modifications of effective doses, receptors or thresholds. 
Nevertheless, the lack of specificity in the receptors and the additivity of the below-threshold 
effects involve that the action of an effector is not indifferent to the presence of the another, 
what constitutes an interaction, although of a passive character. 
 
Thus, a generalized IA model in its most complex form –in practice several πi=1 are 
expectable–, can be write as: 
 
      1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1; , , ; , , 1 ; , ,k m k m k mR W D K m a W D K m a s W D K m a         [93] 
 
It should be noted that the need of s1 detects the relaxation of some of the conditions 
defining IA mode, but in such a case the identification of possible D,  or -interactions 
become confuse. 
 
1.8. Modeling of interactions under the concentration addition hypothesis 
 
As it was said, the application of the CA hypothesis is usually carried out through the isobole 
analysis. However, the definition of null interaction according to Berenbaum provides the key 
for establishing an explicit model. Indeed, if the response to a mixed dose of two effectors 
should behave as a fictitious mixed dose of a single effector, the model is necessarily: 
 
 1 2 ; , ,R W D D K m a     [94] 
 
In fact, the simulations obtained with any of the rules R5 were accurately described by this 
equation, which produced straight isoboles with equal intersection points on the doses axis 
(Figure 51 and Table 35). Although the competence affects the parametric values, it does not 
alter the functional form, making equivalent the two alternatives of the rule R5. 



















































































































































































































Figure 51: Joint response to two effectors under CA mode of action with the specified interactions, adjusted to the 
generalized Eq. [99]. Keys and graphic criteria as in Figure 49. See also Table 35. 
 
 





         
Table 35: Simulation conditions and respective fittings to the generalized CA model in the specified examples. Notations as in Table 34. See also Figure 52 
and Figure 53. 
  1 1 2 2 1 2 1 2; , ,D D k k m mR W u D D K m a       ; where:         ;      ;  1 1 , ,i i j i j i i jb D c D D K m        
         
         
receptors (1=2)  80;32 80;32 80;32 80;32 80;32 80;32 60;24 
1 threshold  120;48 120;48 120;48 120;48 120;48 120;48 120;48 
2 threshold  120;48 120;48 120;48 120;48 120;48 120;48 120;48 
tox (D2)  1 0.7 1 1 1 1 1 
q [D1D2]  - - 0.02 [D1D2] 0.04 [D1D2] 0.02 [D1D2] - - 
q [D2D1]  - - 0.02 [D2D1] - 0.01 [D2D1] - - 
q [D12]  - - - - - 0.004 [D12] - 
q [D21]  - - - - - 0.001 [D21] - 
q [D12]  - - - - - - 0.02 [D12] 
q [D21]  - - - - - - - 
         
         
  null equipotent null non-equipotent  unidirectional recipr. asymm. recipr. receptor recipr. threshold 
  interaction interaction synergy antagonism antagonism modification modification 
         
         
Basic parameters of the K 0.874±0.0006 0.874±0.0006 0.873±0.0004 0.874±0.001 0.874±0.002 0.915±0.007 
a 0.700±0.006 a 
joint response m 0.426±0.0007 0.610±0.0013 0.426±0.0009 0.427±0.001 0.426±0.001 0.422±0.002 
a 0.390±0.003 a 
 a 2.772±0.0160 2.786±0.0138 2.776±0.0181 2.784±0.016 2.778±0.016 2.850±0.040 
a 2.813±0.055 a 
         
         
perturbations due to D1 b2 0 0 7.955±0.075 0 0 0 0 
modifying the actual dose D2 c2 0 0 0 7.986±0.068 4.009±0.024 0 0 
         
         
perturbations due to D2 b1 0 0 0 0 0 0 0 
modifying the actual dose D1 c1 0 0 0 0 2.006±0.012 0 0 
         
         
Relative potency factor u 1 1.428±0.005 1 1 1 1 1 
         
         
Perturbations due to D1 bk2 0 0 0 0 0 0 4.325±0.297 
modifying the common parameters ck2 0 0 0 0 0 0.265±0.008 2.738±0.192 
 bm2 0 0 0 0 0 0 –0.611±0.030 
 bm2 0 0 0 0 0 0 0 
         
         
Perturbations due to D2 bk1 0 0 0 0 0 0 0 
modifying the common parameters ck1 0 0 0 0 0 0.116±0.007 0 
 bm1 0 0 0 0 0 0 0 
 bm1 0 0 0 0 0 0 0 
         
         
 R2adj 0.9999 0.9999 0.9999 0.9998 0.9998 0.9992 0.9994 
         
         
(a) apparent parameter (see text). 
         
 





As a consequence of the Eq. [94], the CA hypothesis can be accepted when the individual 
responses differ in their m parameters and in their maximum slopes, but should be rejected 
when such responses differ in their K parameters. This is consistent with the isobole 
approach: if the asymptotes differ, expressions as Eq. [73], Eq. [74] or Eq. [75] could only be 
applied to lower responses than the lowest asymptote, since the inverse function only exists if 
R<K. 
 
When interactions are included, the key notion of concentration addition should be preserved 
in any modification of the Eq. [94], what means that the doses should act as an additive block 
in a function with a single set of sigmoidal parameters (K, m, a). These conditions enable the 
cases that are described next. 
 
1.8.1. Effectors with different potency 
 
This case was simulated by using the rule R5a and multiplying one of the doses by a tox 
factor (tox=1 for effectors with equal potency). Results were fitted –with coded doses in the 
same interval– to the equation: 
 
 1 2 ; , ,R W uD D K m a     [95] 
 
which provided a precise description and produced straight isoboles with different 
intersection points on the doses axis (Figure 51). The u coefficient (u>1 if the first effector 
has more potency than the second one) means that if a joint response is described by the 
equation [95], the m2 parameter of the individual response to the second effector is m2=mu. 
 
1.8.2. Synergy and antagonism.  
To obtain surfaces with isoboles like those associated with synergy and antagonism, the rule 
R5a must include the condition that an effector alters, unidirectional or reciprocally, the 
effective dose of the other one. By using πDi terms like those πi defined by Eq. [89], the 
corresponding simulations (Figure 51 and Figure 52) were described by means of: 
 
 1 1 2 2 ; , ,D DR W D D K m a      [96] 
 
Contrary to the case of the perturbations, the equivalent dual solution based in the variation of 
the m parameter is not possible here. 
 




















































































































































































































Figure 52: More examples of joint responses to two effectors under CA mode of action with the specified interactions, 
adjusted to the generalized model [99]. Keys and graphic criteria as in Figure 49. See also Table 35. 
 





1.8.3. Interactions effector-receptor () and effector-threshold ().  
 
If it is admitted that an effector E1 alters the number of active receptors 2 or the threshold 2 
of the effector E2, the conservation of the CA hypothesis requires to admit also that E1 alters 
the 1 or 1 values.  What in turn means to admit auto-inhibitory or auto-catalytic effects. In 
fact, when this type of interactions are included in the rules R5, the response surfaces from the 
resulting simulations are limited by individual responses that decrease after a maximum or 
increase not asymptotically. Moreover, the estimates of the sigmoidal parameters from the 
joint response are only apparent (such as the Michaelian parameters in the presence of 
inhibitors), useful to predict the response surface, but without direct physical meaning in 
connection with individual responses, whose real parameters should be separately calculated 
using the Eq. [76]. Avoiding now to discuss the realism of these behaviors, it can be pointed 
out that the response to lactic acid of some lactic acid bacteria seems to illustrate them, at 
least in their auto-inhibitory modality 222–224. Thus, the response to this acid of Leuconostoc 
mesenteroides 223 showed a profile –like that resulting from an enzymatic kinetics under 
substrate inhibition– which was described by including in the logistic equation a dose-
depending term depressing the asymptotic value. But the description is also feasible –and 
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In any case, these  and  interactions under IA response can be described, in their most 
complex forms, by modifying the K and m parameters with interaction terms: 
 
 1 2 1 2 1 2; , ,k k m mR W D D K m a        [98] 
 
Although these effects increase or decrease the response with respect to that expected in null 
interaction, the isoboles differ markedly (Figure 52) from those produced by the Eq. [96] and 
corresponding to synergy and antagonism. As in IA mode, all the possible options under CA 
hypothesis can be unified in a generalized model which, in its most complex form –again in 
practice simpler cases with several πi=1 should be expected– can be formulates as: 
 
 1 1 2 2 1 2 1 2; , ,D D k k m mR W u D D K m a          [99] 
 
1.9. Broad and strict sense of the notions of synergy and antagonism 
 
The frequent and not always enlightening discussions about synergy and antagonism have led 
some authors to consider synergy as an «ineffective mixture risk definition». However, we 
believe that both concepts are important, and that their confused sides can be debugged by 
suppressing some common, not justified assumptions. 
 
Firstly, their formal aspects should be distinguished from the factual ones. From a factual 
perspective, as it has been said, synergy and antagonism are the result of interactions that 
increase or decrease the response with respect to that expected in null interaction. This is a 
broad and unambiguous definition, but it requires taking into account the following issues: 
 
1) Synergistic and antagonistic responses can be generated by any of the interactions (D,  
or ) considered in the sections 3.3 and 3.4. This implies that such responses can have 




diverse origins, that these origins require different formal descriptions, and that these 
descriptions are dependent not only on the elements involved in a given interaction, but 
also on the inherent mechanism of the system under null interaction conditions. 
2) Association between concave/convex isoboles and synergy/antagonism is limited and 
misleading. In IA mode, as it has been seen, it lacks sense, and in CA mode it lacks 
general validity. As an example, the reciprocal synergistic -interaction (Figure 52) 
increases the response in the entire domain with respect to null interaction, in spite of 
which its isoboles are straight. In fact, that association is only applicable to D-interactions 
in CA mode, where the corresponding regular series of concave/convex isoboles enable 
clear contrasts with the straight series which are typical –although no exclusive– of the 
null interaction. 
3) If the usual isobolographic convention in CA framework is followed, synergy/antagonism 
could be defined in a strict sense as those effector-effector interactions that increase / 
decrease the response. Such a definition, however, would exclude arbitrarily other 
interactions (as  or  ones) with similar net effects. 
4) Unfortunately, satisfactory expedients for typifying synergy/antagonism by means of a 
single value or a particular isobole do not exist, since the differences between these 
conditions and null interaction vary throughout the corresponding response surfaces 
(Figure 53-C2). 
5) Furthermore, there are not theoretical reasons which prevent interactions with opposite 
regional effects on the response surface (e.g. E1 increases the effective dose of E2, and E2 
increases the parameter m of the response to E1). Consequently, synergy and antagonism 
can be simultaneously detected in different regions throughout a given response surface. 
 
1.10. More insufficiencies and ambiguities of the IA-CA dualism 
 
The frequent inconclusive character of IA and CA hypothesis is a well-documented 
experimental fact 208, whose justification in theoretical terms was suggested in section 2.3. A 
different justification is provided by the simulations described in 2.6 and 3.3.1. Indeed, when 
the conditions that define the IA hypothesis are altered in biologically plausible forms, 
response surfaces with cooperative or competitive effects are obtained, which cannot be 
acceptably described by any of the possibilities of the IA-CA scheme. 
 
An additional cause of ambiguity –difficult to detect in the absence of explicit models– 
derives from a more formal issue. The IA and CA response surfaces are in general clearly 
distinguishable when the asymptotes of the individual responses are less than 1, as in the 
examples of Figure 49-9. But the distinction turns more problematic as these asymptotes 
move closer to 1, since in such a case the IA surface losses its peculiar top region, in which 
the joint response surpasses the asymptotes of the individual responses. Figure 53 shows an 
IA surface obtained by assigning arbitrary parametric values (with K1=K2=1) to the Eq. [70], 
which could be significantly typified as a case of antagonism in CA mode by any assessment 
method, especially if the results are “blurred” by the experimental error. Similarly, a 
reciprocal asymmetrical synergy in IA mode is practically indistinguishable from synergy in 
CA mode. In such cases, the false hypothesis can be only detected by the lack of randomness 
of the residuals, if the number of observations is sufficient and the experimental error is 
reasonable. All these reasons lead to doubt about the generalization to more than two effectors 
of any IA-CA discrimination method, since the probability of all kind of ambiguities increases 
with the number of agents considered. The main justification of this generalization is the 
experimental economy in the research of the joint effect of many effectors at moderate levels, 
an important issue in environmental toxicology, which seems practically unapproachable 
through the assay of binary combinations. However, it seems as well that the simplification of 
the experimental arrays only will produce even more ambiguous results. 










































































































Figure 53: A: IA response surface (defined by K1=K2=1.00; m1=m2=0.30; a1= a2=2.00). B: result obtained when this surface is 
interpreted, through CA hypothesis, as a case of symmetrical antagonism (K=1.00; m=0.316; a=2.348; cD2=cD1=1.311. All 
coefficients statistically significant, with =0.05). Notice the residual lack of residual randomness. C: differences CA–IA (C1) 
and CA null interaction–CA antagonism (C2) responses. 
 





1.11. Experimental examples 
 
Some elements of the approach proposed here are exemplified by two above mentioned cases 
of study: the larval growth inhibition in sea urchin by the joint action of hydrocarbons and 
dispersants 202, and the inhibitory perturbation by ouabain of the hemolytic action of palytoxin 
209. In fact, the need to clarify problems as those arose in these cases was the origin of the 
simulation-based systematic we have attempted in this work. We present now an experimental 
example in connection with the AC, a field in which the possible interactions between both 
natural and synthetic products are formally equivalent to the toxicological ones, and they raise 
similar discussions. The example refers to the inhibition of Cr oxidation by the joint action of 
two well-known antioxidants: AA and TRO. Triplicate analytical results were obtained by 
monitoring of the oxidation kinetics in 88 concentration arrays, using a microplate method 
155. Inhibitory responses were quantified through the ratio between areas under kinetic profiles 
at the end point of the control. 
 
Antioxidants can compete with the oxidizable substrate for oxygen or the source of radicals 
(primary antioxidants), or for radicalized products that are formed in more advanced oxidation 
phases (secondary antioxidants). Therefore, their modes of action are in agreement with the 
diagrams of Figure 45 and they can be analyzed using the general Eq. [93] or Eq. [99]. 
 
In this regard, the example of AA and TRO is interesting, because it shows some of the 
features in which a clear decision is difficult (Figure 54 and Table 36). Although null 
interaction cannot be accepted under both IA and CA hypotheses, when a synergistic effect is 
admitted, the difference between the two (statistically significant) options becomes small. 
Residual distribution inclines the decision towards IA, but a more accurate characterization is 
a predominantly independent action, with synergy and a cooperative unspecific effect. On the 
other hand, it should be pointed out that a conventional analysis (use of a Eq. [70] for IA 
hypothesis and a contrast on the 50% isobole for CA hypothesis) would lead to decide a CA  
 
             
Table 36: Antioxidant joint action of AA (A1) and TRO (A2) on Cr oxidation. Hypotheses of null 
interaction and synergy are compared, under the suppositions of independent action and concentration 
addition, through the fitting of the experimental results to the respective generalized models. res. sk.: 
residual skewness. See Figure 54 and text for details. 
             
             
independent action  concentration addition 
             
             
  null interaction synergy    null interaction synergy 
             
             
response K1 0,880  0.110 0,830  0.093  joint K 1.021  0.074  0,988  0.019 
to A1 m1 0,150  0.038 0,154  0.039   response m 0.263  0.038 0,304  0.024 
 a1 0,777  0.232 0,667  0.124   a 0.853  0.164  0,663  0.063 
response K2 0,883  0.146 0,922  0.084  relative potency p - - 
to A2 m2 0,260  0.073 0,332  0.057  A1 altering bD2 - - 
 a2 1,009  0.286 0,909  0.099  eff. conc. of A2 cD2 - - 
A1 as perturbing bk2 - -  A2 altering bD1 - - 
factor for ck2 - -  eff. conc. of A1 cD1 - 8.227  2.235 
params. of the bm2 - -  A1 as perturbing bk2 - - 
response to A2 cm2 - 2.619  0.892   factor for ck2 - - 
A2 as perturbing bk1 - -  params. of the bm2 - - 
factor for ck1 - -  joint response cm2 - - 
params. of the bm1 - -  A2 as perturbing bk1 - - 
response to A1 cm1 - -  factor for ck1 - - 
comp / coop s -  0.980  0.038   params. of the bm1 - - 
 R2adj 0.951 0.9932 
 joint response cm1 - - 
  R2adj 0.9195 0.9811 
res.sk. -0.827 0.335  res.sk. -0.969 -0.677 
             
 
















































































































































































































Figure 54: Joint effect of AA (A1) and TRO (A2) on Cr oxidation under different hypotheses. Keys and graphic criteria as in 
Figure 49, with parametric variations replaced by residuals, which are more informative in this case. See details in text, and 
numerical results in Table 36. 
 





2. Quantification, characterization and description of synergy and antagonism in 
the Hydrogen Atoms Transfer (HAT) antioxidant assays. 
 
This section illustrates a methodological procedure to determine the synergistic and 
antagonistic effects of combining A agents. Current methods to determinate the interactive 
actions of antioxidants have been rejected, and we attempt to address this issue by 
incorporating well-established ideas from different existing fields. The two mathematical 
models previously proposed for general agents, which provided explicit algebraic forms and 
generalized the classical hypothesis of independent action and concentration addition are 
applied. In addition, a comprehensive index to summarize all the complex responses in one 
single value is proposed, which allows the extraction and identification of the relevant 
aspects. Although the approach could be directly expanded to other types of classical A 
methods, two complex scenarios were recreated using different but complementary well-
known kinetic A methods, which are fairly representative of lipidic and hydrophilic oxidation 
processes.  
 
Concentration-time response models applied to the βCA and CBA assays to assess the 
synergistic or antagonistic interactions between several pairs of well-known antioxidants. 
They are appropriate for lipophilic and hydrophilic matrices and can provide useful 
complementary information in the study of complex natural extracts containing components 
with a variable degree of polarity. βC is a lipophilic oxidizable substrate that can join the 
system of lipidic micelles in which the oxidation reaction is accomplished. The method is 
especially sensitive to oxidation modifying agents in a lipidic environment, and it produces a 
very low response with hydrophilic antioxidants, even powerful ones (polar paradox). 
Complementarily, Cr is a hydrophilic oxidizable substrate, and lipophilic OM, even powerful 
ones, produce very low responses in the aqueous system that characterize the application of 
this method (apolar paradox). These assays were selected because they provide an optimized 
response system that is fairly representative of the lipidic and hydrophilic oxidation processes 
for HAT antioxidant assays, especially accurate, reproducible and yields a low experimental 
error. 
 
Meanings of synergy and antagonism concepts were found that describe and characterize the 
interactions between several pairs of commercial antioxidants in a statistically consistent 
form. The results also provided some evidence of a more basic character, which if transferable 
to more realistic food matrices in the food industry, may guide the development and 
evaluation of food products and processes, as well as the study of mechanisms underlying 
different phenomena that may affect the quality of products. 
 




Microplate assays were carried out based on a complete design (more details are provided in 
in the Material and Methods section, Figure 2) that consisted of 88 arrays of two A mixtures 
at equally increasing concentrations, which were freshly prepared in water:ethanol (9:1). 
Thus, 25 µL of each A solution was added to each well containing 250 µL of the preheated 
reagent (CBA: 37°C and βCA: 45°C). The apparatus was programmed for 200 min at 37°C / 
450 nm (CBA) and 45°C / 470 nm (βCA), with agitation at 660 cycles/min (1 mm amplitude), 
which was only interrupted for readings at 3 min intervals (covering initiation, propagation 
and asymptotic phases with a total of 64 independent kinetic measures per each of the 64 
concentration combinations). By using the antioxidants listed in the materials section, 21 




combinations were performed for each method, including those in which the pair of 
antioxidant is the same antioxidant (used simply as a control). The concentration range 
applied is presented in Table 40. 
 
2.1.2. Selection of a single value to assess the response 
 
The usual methods were based on comparing the oxidation rate, half-life, lag phase and the 
AUC of a given substrate in the presence of increasing concentrations of the studied A. All 
antioxidant combinations were first analyzed by comparing the four above mentioned 
parameters. Although the results showed that all of them lead to similar conclusions, the use 
of the AUC proved to be a highly robust criterion, which summarizes in a single and direct 
datum the global feature of any kinetic profile, while avoiding some minor drawbacks 
(affecting mainly the smoothness of the values) that emerge when other parameters are used.  
 
This criterion is frequently applied for a dose-time response of an A standardizing the 
responses in relation to AUC obtained for the control, which leads to the formulation of the 
RAU, as defined in Eq. [51]. Thereby, when dealing wih antioxidants the term is standardize 
as a function of the substrate (S) protected ( P ) value that increases with the concentration and 
the power of the A can be defined as described in Eq. [53]. For the responses here described 
they are re-standardized in responses (R) over a scale [0,1], which facilitates comparisons. 
The variation of R as function of any agent can be described satisfactorily using the Weibüll 
cumulative distribution function described in Eq. [55] making explicit a rate parameter or Eq. 
[22] and Eq [76]  making explicit the half-maximal parameter. For practical reasons the Eq. 
[76] is used to describe the dose-effect of A. In Eq. [76] the variable were the dose concept for 
a general agent (D), but now the variable is the dose-effect of antioxidant. 
 
The simultaneous action of two antioxidants can occur according to any of both modes of 
action previously described (IA and CA) above, even in very simple processes (see Figure 
55). Therefore, to propose explicit algebraic forms for these modes of action in the case of the 
action of A agents requires applying the Eq. [76] in the framework of the IA and CA 
hypotheses as described: 
 
- Independent action (IA): the null interaction is described by Eq. [91] and the 
interactive generalized IA model in its most complex form by Eq. [93]. 
 
- Concentration addition (CA): the null interaction is described by Eq. [94] and the 
interactive generalized CA model in its most complex form by Eq. [99]. 
 
In most practical situations should be resolved with simpler particular cases. 
 
2.1.3. Development of an automatic stepwise regression method for the analysis of the 
responses 
 
- Fitting procedure: simulated and experimental results were adjusted to the proposed 
models by non-linear least squares methods (quasi-Newton), using Solver complement. 
- Parametric estimations: were performed by incorporating the ‘SolverAid’ macro for 
estimating the CI. 
- Model consistency tests: student’s t and Fisher’s F tests, respectively, with =0.05 in both 
cases. 
- Model selection criteria: Because there were many possible combinations of parameters 
able to fit the combined effects of both antioxidants, a selection process needs to be 
applied to determine the model that best predicts the joint effect of the two variables in the 




interval studied. Therefore, different model selection criteria (MSC) were used to evaluate 
the appropriateness of the equations. For more details about the process of selection and 
its pitfalls a specific description is presented in the Material and Methods section and 
results in Table 38. 
 
Although the initial number of parameter combinations (models with interactions Eq. [93] and 
Eq. [99]) is high, this number only signifies a high number of potential alternatives. The most 
complex cases that were found involved a maximum of four interactive parameters plus those 
for the individual responses (6 and 4 for the IA and CA, respectively). However, in occasions 
when a large amount of data needs to be analyzed, the process of finding the most appropriate 
solution can be very laborious.  
 
Therefore, a stepwise regression method was developed by programming a selection 
algorithm routine in visual basic in Excel 2003 in which all possible parameter combinations 
are tested. The routine involved the following steps: 1) fitting the sigmoidal parameters from 
the individual responses (without interactions), using Eq. [91] and Eq. [94] for the IA and CA 
hypothesis, respectively; 2) these estimates were then used as the starting values for assaying 
all possible parameters combinations of the Eq. [93] (IA, 9 parameters and 511 combinations) 
and Eq. [99] (CA, 13 parameters and 8.191 combinations); 3) rejecting the options that lead at 
least to a none statistically significant coefficient; and 4) selecting the most remarkable 
solutions, which are automatically ranked with several model selection criteria to differentiate 
the most “true solution”. 
 
 
Figure 55: Oxidation of a SH substrate by R radicals from a RH source, in the presence of AH1 and AH2 antioxidants. 
Reactions k1 to k4 hinder the main pathway (tick lines). It is supposed that reactions k1 and k2 have the same mechanism, 
which is different of the one of the reactions k3 and k4. Under these conditions, the appropriate model for the antioxidant joint 
action depends on the relative values of the rate constants k1 to k4 (see text). 
 
2.2. Meaning of the synergy and antagonism notions 
 
Once the Eq. [93] and Eq. [99] were accepted as generalized models for IA and CA 
hypotheses, respectively, an algebraic framework was established that characterizes synergy 
and antagonism through the specific variations imposed by the perturbations to the parameters 
and the response. 
 
In a broad sense, an interaction is synergistic or antagonistic as it increases or decreases the 
expected response in the null interaction. In the IA Eq. [93], a synergistic interaction raises at 
least one Ki parameter, reduces at least one mi, reduces the s coefficient or imposes all these 
effects simultaneously, while antagonism determines the opposite effects. In the CA Eq. [99], 
synergy and antagonism are translated into changes of the effective concentrations according 
to the Eq. [97] as well as into variations of K and m parameters as in the IA model, at least 




theoretically. Notably, the modification of the effective concentration according to Eq. [97] is 
not mathematically possible in the IA model, in which the corresponding effect must be 
translated into variations of mi parameters. 
 
These definitions may be further restricted if the conventional analysis applied in toxicology 
to CA model is accepted. As already mentioned, this model is assessed by the isobole 
examination, accepting that straight, concave up and convex up isoboles indicate a null 
interaction, synergy and antagonism, respectively. Because this behavior only occurs in the 
perturbations described by the Eq. [97], synergy and antagonism could be limited to the 
interactions modifying the effective concentrations. 
 
However, this restriction does not logically follow for two reasons: 1) other effects may 
increase or decrease the response corresponding to the null interaction without altering the 
effective concentration and these effects should not be excluded from the synergy and 
antagonism definitions; 2) the isobole approach is only applicable in the context of the CA 
hypothesis, specifically, in cases that can be described by the Eq. [97]. In fact, the complexity 
of the isoboles in the IA hypothesis prevents the use of the simple criterion of their concavity 
or convexity.  
 
Therefore, the concepts of synergy and antagonism will be used according to the broad sense 
defined in the previous section. 
 
2.3. A step by step example of the methodological process  
 
The methodological procedure and the mathematical models proposed in the previous 
sections yielded consistent results when combining all the antioxidants listed in the Materials 
and Methods section for each of the methods. These results not only permitted the decision 
between the null interaction, synergy and antagonism, but also revealed some interesting 
aspects of the system used and the approach applied. To illustrate the methodological 
procedure of this approach, the joint action of TOC (A1) and BHA (A2) on the bleaching 
reaction of -carotene will be described in detail (Figure 56, Figure 57 and Table 37).  
 
 







Figure 56: A descriptive example performed in stepwise mode, to show the process of obtaining the RAU responses. A: raw 
responses as remaining substrate (HS, in this case βC in µM) of the reaction in the presence of TOC (A1) and BHA (A2). In 
each single graph for the 8×8 array, the top line shows the response for the control, the bottom line the response for the 
corresponding combination of antioxidants and the shadow area the RUA values. B: The obtained RUA data is presented, 
first, in two 2D graphs with non-standardized response, showing the individual effects caused for each antioxidant. 
Afterwards, response and antioxidant doses are standardized to a scale [0,1] and presented in a single 3D graph. 
 


















































































































































































































Figure 57: Joint effect of TOC (A1) and BHA (A2) on -carotene oxidation under different hypotheses. Experimental results 
(points) and fittings to the Eq. [93] and Eq. [99] (surfaces). Correlations between observed and predicted values, residuals 
and isobole projections of the response surfaces are also shown. See text for details. Numerical results in Table 37. 
 





             
Table 37: Joint action of TOC (A1) and BHA (A2) on -carotene oxidation. The null interaction and 
synergy hypotheses are compared under the independent action and addition concentration 
suppositions, by fitting the experimental results to the Eq. [93] and Eq. [99] generalized models. : 
parametric estimations; CI%: CI as % of the parametric estimations. See Figure 57 and text for details. 
                          










                          
response to A1 
K1 0.576 ±29.5 0.566 ±7.2  
joint response 
K 0.785 ±6.1 0.761 ±1.6 
m1 0.388 ±38.0 0.362 ±18.7  m 0.263 ±16.0 0.326 ±8.4 
a1 1.403 ±44.9 1.237 ±21.0  a 1.033 ±15.0 0.895 ±6.6 
response to A2 
K2 0.677 ±22.2 0.589 ±10.7  relative potency  p 0.667 ±17.9 0.609 ±11.4 
m2 0.256 ±38.4 0.259 ±16.5  A1 altering eff. 
conc. of A2 
bD2 - - - - 
a2 0.958 ±36.2 1.244 ±23.2  cD2 - - - - 
A1 as perturbing 
factor for params. 
of the response to 
A2 
bk2 - - - -  A2 altering bD1 - - 12.24 ±22.8 
ck2 - - - -  eff. conc. of A1 cD1 - - - - 
bm2 - - - -  A1 as perturbing 
factor for params. 
of the joint 
response 
bk2 - - - - 
cm2 - - - -  ck2 - - - - 
A2 as perturbing 
factor for params. 
of the response to 
A1 
bk1 - - - -  bm2 - - - - 
ck1 - - - -  cm2 - - - - 
bm1 - - - -  A2 as perturbing 
factor for params. 
of the joint 
response 
bk1 - - - - 
cm1 - - 4.006 ±44.5  ck1 - - - - 
comp / coop s - - - -  bm1 - - - - 
     cm1 - - - -                           
R2adj 0.9139 0.9693 
 
 R2adj 0.9411 0.9907              
 
2.3.1. Procedure to obtain the Relative Area Units (RAU) 
 
Figure 56 shows the procedure to obtain the R responses using the TOC (A1) and BHA (A2) A 
combination in the β-carotene reaction as an example. Figure 56A shows the remaining raw 
responses of the substrate (SH, in this case βC in µM) for the reaction in the presence of TOC 
and BHA. In each single graph of the 8×8 array, the top line shows the response for the 
control, the bottom line shows the response for the corresponding combination of antioxidants 
and the shadow area shows the R values. In Figure 56B presents the obtained R data first in 
two separated 2D graphs that show the response in a non-standardized form as the individual 
effects caused for each A, and then as the response and A doses that are standardized to a scale 
of [0,1]  presented in a single 3D graph. 
 
Once the R responses were obtained, the modeling procedure to determine, characterize and 
quantify the interactive effects could be started. The procedure will be performed in different 
ways, first by analyzing intuitively the possible modes of action with and without interactions 
and afterwards applying the automatic stepwise regression method developed. The findings 
below demonstrate that both criteria converge into identical solutions.  
 
 


















































































































































































































Figure 58: Characterization of the joint effect of the specified antioxidant pairs, using -carotene (TRO-BHT) and crocin (the 
rest) reactions. Graphic criteria and notations as in Figure 57. In AA-TRO, coop. means general cooperative action (s<1 in 
Eq. [93]). See text for details. Numerical results in Table 39. 
 





2.3.2. Intuitive analysis of the hypothetical modes of action with and without interactions 
 
2.3.2.1. Assuming independent action (IA) 
 
The null interaction in the IA hypothesis implies that the joint action should be described by 
adjusting the individual responses to the Eq. [91] and using the obtained parameters in the Eq. 
[93], with all πi=1 (bi=ci=0) and s=1. By proceeding in this way, the r2 and R2adj values, as 
well as the Student's t and Fisher's F test (both with =0.05) applied to the parametric 
estimations and to the explained variance, respectively, showed a statistically acceptable fit 
(Figure 57 and Table 37). However, the distribution between the observed and predicted 
results (OP) was biased, and the residuals showed that the computed response surface predicts 
lower values than those experimentally obtained, which suggests a synergistic interaction. 
Indeed, a decrease in the OP bias and an improvement in the other fitting criteria were 
obtained by accepting a drop in the m parameter of the response to TOC due to the presence 
of BHA (increasing A potency: synergy in the strict sense). 
 
 A further improvement could be obtained by accepting a similar drop in the K parameter 
(antagonism in the broad sense, less strong than the synergistic effect). Although the 
interactions producing simultaneous opposite effects on the response are in general neither 
formal nor mechanistically rejectable, the predicted individual responses in this case are 
statistically less correct than those corresponding to the simpler hypothesis of synergy. The 
decision would probably be clearer by slightly expanding the experimental domain, which 
could more precisely define the asymptotes of the individual responses. Nevertheless, the net 
effect of the interaction between TOC and BHA is synergistic. 
 
2.3.2.2. Assuming concentration addition (CA) 
 
Under the CA hypothesis, the null interaction requires to set all πAi= πi=1 in Eq. [99]. When 
the relative potency coefficient (p1) was included under these conditions, the model 
produced a statistically significant description (r2, R2adj, t and F). However, a biased OP 
distribution and residuals indicating a general underestimation of the predicted response with 
respect to the experimental results were again obtained (Figure 57 and Table 37). All fitting 
criteria improved significantly when a synergistic effect (strict sense) was included (one of 
the antioxidants increases the effective concentration of the other, a situation in which the CA 
model cannot distinguish directionality). If a hyperbolic variation of the effective 
concentrations was assumed, the fit was slightly higher than that corresponding to a linear 
variation.  
 
However, the correlation between the coefficients of the perturbation term penalizes their CI, 
which confines such coefficients close to the lack of statistical significance. After considering 
these intuitive options, the description obtained by supposing linear variations of the effective 
doses under CA hypothesis was more accurate than those found under IA alternative. 
Therefore, it must be concluded that the model of the joint response to TOC and BHA obeys 
the CA mode with synergistic interaction. 
 
 








                               
                               
Table 38: Model ranking (Rk) obtained for each MSC for the TOC and BHA case (βCA reaction). Two different rankings are shown, one taking into account 
the results of both modes of action, and another (in brackets) that only considers the results for each hypothesis. For each mode of action the C-1 is the 
statistical results found for the null interaction, and the other four cases are the top cases that best fit the joint action of TOC and BHA. 
                               
                               
CASES 
STATISTICS  MODEL SELECTION CRITERIA 
                              
                              
k RSS R2adj ESS S2 
 AIC AICc BIC FPE R2adj RIC Cp MSC 
                         
                         
 Value Rk Value Rk Value Rk Value Rk Value Rk Value Rk Value Rk Value Rk 
                               
                               
IA 
C-1 6 0.310 0.9139 3.20 0.0409  -353.9 10 (5) -365.7 10 (5) -74.8 10 (5) 16.25 10 (5) 0.9455 9 (5) -71.4 10 (5) 261.7 10 (5) 2.37 10 (5) 
C-2 6 0.120 0.9627 2.80 0.0445  -389.9 8 (4) -401.6 8 (4) -110.8 7 (3) 9.27 8 (4) 0.9588 8 (4) -104.0 7 (3) 120.6 8 (4) 2.96 7 (3) 
C-3 7 0.085 0.9628 3.14 0.0499  -409.3 6 (2) -423.0 6 (2) -128.0 6 (2) 6.84 6 (2) 0.9694 6 (2) -117.8 6 (2) 60.2 6 (2) 3.38 6 (2) 
C-4 8 0.110 0.9667 2.73 0.0435  -391.3 7 (3) -406.9 7 (3) -107.8 8 (4) 9.08 7 (3) 0.9618 7 (3) -98.1 8 (4) 114.4 7 (3) 2.96 8 (4) 
C-5 8 0.080 0.9693 2.76 0.0486  -474.0 4 (1) -489.6 4 (1) -190.5 5 (1) 2.49 4 (1) 0.9888 4 (1) -170.5 5 (1) -8.1 5 (1) 4.37 4 (1) 
                       
                       
CA 
C-1 4 0.165 0.9411 2.91 0.0463  -373.3 9 (5) -381.1 9 (5) -98.5 9 (5) 12.00 9 (5) 0.9431 10 (5) -95.2 9 (5) 172.6 9 (5) 2.75 9 (5) 
C-2 6 0.029 0.9906 3.02 0.0481  -479.6 2 (2) -491.3 2 (2) -200.5 2 (2) 2.28 2 (2) 0.9896 2 (2) -185.3 2 (2) -12.7 3 (3) 4.44 3 (3) 
C-3 6 0.029 0.9905 3.05 0.0485  -479.2 3 (3) -491.0 3 (3) -200.1 3 (3) 2.29 3 (3) 0.9895 3 (3) -184.9 3 (3) -12.8 2 (2) 4.45 2 (2) 
C-4 4 0.028 0.9907 3.04 0.0482  -481.2 1 (1) -491.4 1 (1) -204.3 1 (1) 2.22 1 (1) 0.9899 1 (1) -191.6 1 (1) -14.6 1 (1) 4.47 1 (1) 
C-5 5 0.033 0.9892 3.03 0.0482  -473.4 5 (4) -483.2 5 (4) -196.5 4 (4) 2.51 5 (4) 0.9883 5 (4) -184.4 4 (4) -9.4 4 (4) 4.35 5 (4) 
                               
                               
k: number of fitted parameters; RSS: residual sum of squares; ESS: explained sum of squares; S2: standard deviation 
                               
                               
 





2.3.3. Automatic analysis by a stepwise regression method 
 
When a large set of data needs to be analyzed, the intuitively process of finding the most 
appropriate solution can be very laborious. Therefore, an automatic procedure that integrates a 
set of statistical MSC to rank and selected the most appropriate solution has been developed 
by programming a routine in excel in which all possible parameter combinations were tested. 
For example, the top fitting results of TOC and BHA case for each mode of action after 
applying this automatic system to evaluate the results are shown in Table 38. The data 
demonstrates that the overall best model was the CA hypotheses, and within this hypothesis 
the case number 4 predicts accurately the data, being the most likely response to be correct. 
This selection was identical to that intuitively found above, which demonstrates the reliability 
of both ways for selecting the correct solution. However, because the automatic system is 
undoubtedly faster and reliable, it was the procedure used to assess all pairs of tested 
antioxidants.  
 
2.4. Other findings drawn from the analysis of the joint action 
 
Certainly, the solution can be directly determined in the majority of the cases analyzed. 
However, both models provide equal satisfactory results in occasions, such as when the 
solution is a continuum or mixed response of both hypotheses showing difficulties to choose 
any as the correct solution. This ambiguity has also been found in a recent and extensive 
revision (158 items) of experimental results carried out by Cedergreen et al. (2008) 208. The 
consequences of our approach agree with those findings.  
 
In addition to the statistically consistent detection of the interactive effects, for example, the 
analysis of TOC and BHA raises a more basic question related to the status of IA and CA 
hypotheses. The experimental results were better described by CA than by IA hypotheses. 
TOC and BHA could be accepted that act at the same point of a general oxidative pathway as 
summarized in Figure 55. Irrespective of this comparison, the description under IA hypothesis 
could not be rejected by applying common statistical criteria, which implies that the 
antioxidants act at different points of that pathway.  
 
This ambiguity can be explained in terms of the relationships between the rate constants 
involved in the reaction sequence of the mentioned pathway. Considering Figure 55, it can be 
admitted that if the capacity of the A act only through the k1 and k4 (k2=k3=0), or k2 and k3 
(k1=k4=0) pathways, the model is IA, and if only acts through the k1 and k3 (k2=k4=0), or k2 
and k4 (k1=k3=0) pathways, the model is CA. However, other less extreme situations clearly 
take place in which none of the rate constants equal zero. If the pathways k1 and k4 or k2 and 
k3 are simply dominant (k1>k2 and k4>k3, or k1<k2 and k4<k3), the model will be predominantly 
IA; and if the dominant mechanisms are k1 and k3 or k2 and k4 (k1>k2 and k3>k4, or k1<k2 and 
k3<k4), the model will be predominantly CA. Different mechanism of each antioxidant in the 
convergence points 1 and 2 of Figure 55 also serve as contributions to ambiguity. 
 
Therefore, the joint A effect of TOC and BHA on the linoleic acid/-carotene system strongly 
suggests a predominant action on the same point of the oxidative sequence, without implying 
that the antioxidants act only at one point. 
 
A further achievement of these results is the presentation of the IA and CA hypotheses as the 
two ends of the same continuum, contrary to their usual presentation as mutually exclusive 
options. At the extremes, only one of the hypotheses will produce a statistically acceptable 
result; cases in which both hypotheses are consistent exist within the continuum. In this case, 




the selection of the hypothesis that provides the best solution does not imply a lack of 
contribution of the other hypothesis. 
 
If the relatively simple context of an in vitro antioxidant action provides ambiguous cases 
determined by the relationships between reaction rates of a schematic sequence, similar 
ambiguities necessarily and probably arise in the field of in vivo dose-response relationships. 
This last field has been noted to provide cases that do not follow any of the two classical 
hypotheses. We believe that the preceding results explain why reality exhibits cases in which 
both hypotheses are simultaneously obeyed. 
 
2.5. Other examples of joint action that illustrate important aspects 
 
By applying the methodological procedure to the joint action of several pairs of antioxidants, 
all solutions were described by one of the models or by both. However, not less important 
issues are occasionally found. Next, some of these aspects are confronted and discussed in 
detail. Numerical results in Table 39. 
 
2.5.1. Need for additional criteria to assist the selection process 
 
AA (A1) and ETX (A2) in the crocin reaction 
 
This is a typical case in which the selection of the mode of action it was less questionable, but 
the selection of the interactive effects was complex, and it needs a deeper analysis that uses 
intuitive criteria to select the most correct solution. As in the case of TOC and BHA, the null 
interaction was not acceptable in any of the two modes of action, and the residuals suggested 
a synergistic effect. Contrary to what has been found in the previous case, the worst fitting 
solutions were obtained with CA model Eq. [99], and the best ones were provided by the IA 
Eq. [93], in which three preliminarily acceptable possibilities can be found: 
 
a) A2 reduces the parameter m of the response to A1 (synergy in the strict sense). 
 
b) A2 increases the parameter K of the response to A1 (synergy in the broad sense). 
 
c) Generic cooperative action (s<1) between antioxidants (synergy in the broad sense). 
 
The CI of parameters yield to prefer the a option rather than the other two strict sense 
synergistic forms (unidirectional opposite and reciprocal), and the OP and R
2
adj criteria 
allowed the rejection of option b. The decision between a and c was uncertain, because c 
produces a better fit, but it generates an excessive effect, which produces responses higher 
than 1.03 in a small subdomain of simultaneous high concentrations of both antioxidants. 
Although the subdomain and deviation are of scarce importance, the less global option, a, 
does not create this problem, narrows the CI and reduces the fitting only slightly. Due to any 
combination of a, b and c did not produce acceptable results, option a seemed to be finally the 
best solution. 
 
In other words, the results indicated a predominantly independent action that was clearly 
synergistic, which suggests the following: 1) at least one of the antioxidants acts at two 
different points in the oxidation sequence of the crocin reaction; 2) at one of these points, the 
action of the other A can be neglected; and 3) at the other point, where both antioxidants act 
through the same mechanism by adding their concentrations, the A effect is poor.  
 
2.5.2. Antagonistic effects in the framework of the A action 





Mn (A1) and AA (A2) in crocin reaction 
 
One important question in the join action of two or more antioxidants is related to the 
possibility of obtaining combinatory responses lower than the expected responses of their 
individual effects, or in other words antagonistic effects. The interactive capacity between Mn 
(A1) and AA (A2) in the oxidation of Cr is a clear example of such a case. When both 
antioxidants are tested independently, they show a clear antioxidant character. However, 
when combined, the Mn significantly depressed the effect of AA, which continuously 
decreased the maximum response (the parameter K2). The joint response could be broadly 
described in a statistically significant way as an IA case with an antagonistic effect. 
 
If transferable to real systems, such as the preservation of food and beverages in hydrophilic 
surroundings, these results indicate that the presence of Mn, a typical compound in plants, 
will diminish the AA capacity, a typical antioxidant in hydrophilic environments, which 
would reduce the expected life of the system. 
 
2.5.3. Cooperative effects 
 
 AA (A1) and TRO (A2) in crocin reaction 
 
Both models (IA and CA) indicated a synergistic (strict sense) joint response, with 
statistically higher results for the IA option. In this case, the fit improves if the synergy is 
complemented by a slight generic cooperative effect (s<1), which defines the response 
between AA and TRO as predominantly IA with antagonistic effects. As in the previous case, 
these results would indicate significant issues in different disciplines of food science in real 
systems. 
 
2.5.4. Low response effects for one of the agents 
 
TRO (A1) and BHT (A2) in -carotene reaction 
 
This case represents an example of the "polar paradox", a typical phenomenon in lipid 
emulsion systems, such as the -carotene reaction. It favors the capacity of the non-polar 
antioxidants over the capacity of polar antioxidants, because the hydrophobic repulsion tends 
to concentrate the first non-polar antioxidants (i.e., BHT), but not the polar ones (i.e., TRO) in 
the lipid environment where the oxidation occurs. In fact, the TRO capacity was very low in 
the concentration domain tested, showing a linear profile, an imperceptible contribution to the 
joint response at high levels of BHT.  
 
This linear relationship causes linear correlations between the coefficients of the perturbation 
terms (πi) and penalizes the CI of the parametric estimations, which increases when the 
experimental error increases and when the number of observations decreases. This low 
response is one weakness of Eq. [93] and Eq. [99]. Fortunately, accurate data are effortlessly 
obtained by working with microplate readers, and both problems are thus minimized.  
 
The description of the system was statistically significant assuming IA when BHT reduces the 
m parameter of the response to TRO. Therefore, the joint response was broadly typified as an 
independent action case with an antagonistic effect. 
 





          
Table 39: Parametric estimations for the joint action of the following particular cases. A1 and A2 are 
the first and second element, respectively, of each pair. Other notations as in Table 37. See Figure 57 
and text for details. 
                    
A1:  AA AA AA BHT 
A2:  ETX Mn TRO TRO                     
response to A1 
K1 0.700 ±39.1 0.568 ±13.2 0.668 ±16.2 0.597 ±22.1 
m1 0.139 ±21.5 0.100 ±21.2 0.105 ±16.4 0.881 ±28.4 
a1 0868 ±14.9 0.899 ±23.4 0.884 ±15.1 0.956 ±16.6 
response to A2 
K2 0.657 ±22.2 0.614 ±5.2 0.830 ±17.5 0.660 ±21.3 
m2 0.100 ±19.2 0.305 ±14.1 0.153 ±16.2 0.117 ±21.6 
a2 0.759 ±32.1 1.005 ±23.2 0.668 ±16.6 1.068 ±18.3 
A1 as perturbing factor for 
params. of the response to 
A2 
bk2 -  -0.836  -  -  
ck2 -  -0.759  -  0.314 ±8.8 
bm2 -  -  -  -  
cm2 -  -  -  -  
A2 as perturbing factor for 
params. of the response to 
A1 
bk1 -  -  -  -  
ck1 -  -  -  -  
bm1 -  -  -  -  
cm1 2.115 ±11.1 -  2.621 ±6.6 -  
comp / coop s -  -  0.980 ±1.6 -                      

















































tocopherol-BHA hypothetical  
Figure 59: Differences between best-fit and null interaction responses in the specified cases. Hypothetical example was 
obtained by assuming independent action, with the following parametric values: K1=K2=0.7; m1=m2=0.25; a1=a2=1.5; c2m=2; 
c1k=1. 
 
2.6. In search of a comprehensive index 
 
If a single numerical value that summarizes the nature and the intensity of the synergistic or 
antagonistic interactions could be proposed, this clearly would help and become a useful 
index in different scientific fields. Once an explicit algebraic model for a response surface is 
settled, the definition of such an index seems to require only a comparison between the 
response corresponding to the null interaction hypothesis and the experimentally obtained 
response. The usefulness of this approach from a theoretical and practical perspective is 
questionable. In fact, neither the difference nor the quotient between the typical responses in 
null interactions and any interactive situation remains constant throughout the domain of the 
independent variables (see Figure 59). Thus, any index that is calculated at a specific point 
(e.g. for A1=m1 and A2=m2), or along a specific response (e.g. the half-maximal response), 
cannot account what happens in another region of the response surface. This fact is true even 
in a simple case as s1 in Eq. [93], and specific situations can exist (as opposite variations in 




Ki and mi parameters) in which the net effect is synergistic in one subdomain of the response 
surface and antagonistic in another one. However, in an effort to find a comprehensive index, 
the best alternative to summarize such a response could be to compute the percentage relative 
unit of volume (RUV) between the volume of the surface produced by the null interaction 
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in which Ai and Aj are the dependent variables that represent the n and m concentration of both 
antioxidants, hi and hj are the concentration interval sets and Фi,j is the product of the nested 
composite trapezoidal rule coefficients. Therefore, positive and negative values of RUV will 
describe the predominantly synergistic and antagonistic interaction effects between the 
antioxidants over the study range.  
 
The variations in the parametric values of the response to an A as a function of the 
concentration of the other A (the structures of the perturbation terms) or the global approach 
of computing the RUV allow a brief reasonable description of the interactive effects. 
However, because the datum of practical interest is the possible difference between the null 
interaction and the experimental result in a given domain, only the "scenery" of these 
differences throughout the experimental domain allows effective and statistically founded 
statements. The results for the RUV obtained for all 42 cases assessed are presented in Table 
40. The full analysis of all the possible combinations is presented in Figure 60, Figure 61, 
Table 41 and Table 42. 
 
Finally, we determined and quantified the synergistic or antagonistic interactions between the 
extracted fractions and several pairs of antioxidants of a well-known degree of polarity, using 
a previously developed methodological procedure 187. 
 
        
Table 40: Effect of the combination of 42 different pairs of antioxidants for each reaction. In the cases 
one antioxidant is combined with itself is used simply as a control. For each case the RUV (%) is 
presented. Note, that the underline combinations are those that have been analyzed in detail in the text. 
        
        
A: β-CAROTENE REACTION (LIPOPHILIC) 
        
        
  BHA TRO TOC ETO PG BHT 
        
        
(0-5 µM) BHA NI-CA (0.0%) S-CA (12.2%) S-CA (3.5%) S-IA (2.4%) A-IA (-9.6%) S- IA (1.6%) 
(0-300 µM) TRO - NI-CA (0.0%) A-IA (-0.5%) A-IA (-3.7%) A-CA (-2.1%) A-IA (-11.7%) 
(0-1 µM) TOC - - NI-CA (0.0%) S-IA (5.3%) S-CA (1.3%) S- IA (1.9%) 
(0-2 nM) ETO - - - NI-CA (0.0%) A-CA (-4.8%) S- IA (20.3%) 
(0-80 µM) PG - - - - NI-CA (0.0%) S- IA (0.3%) 
(0-30 µM) BHT - - - - - NI-CA (0.0%) 
        
        
B: CROCIN REACTION (HYDROPHILIC) 
        
        
  BHA TRO ETO Mn PG AA 
        
        
(0-350 µM) BHA NI-CA (0.0%) A-CA (-2.9%) A-CA (-3.5%) S-IA (6.3%) S-CA (2.2%) S-IA (0.7%) 
(0-150 µM) TRO - NI-CA (0.0%) A-IA (-6.1%) S-CA (5.8%) S-IA (4.3%) S-IA (7.7%) 
(0-60 µM) ETO - - NI-CA (0.0%) S-IA (7.3%) S-IA (4.5%) S-IA (9.4%) 
(0-10 µM) Mn - - - NI-CA (0.0%) S-CA (4.7%) A-IA (-4.2%) 
(0-300 µM) PG - - - - NI-CA (0.0%) S-CA (1.8%) 
(0-400 µM) AA - - - - - NI-CA (0.0%) 
        
        
NI: Null interaction / S: Synergy / A: Antagonism / IA: Independent action / CA: Concentration addition  
.        
 






              
Table 41: Parametric values of the joint action of six different antioxidants in the crocin oxidation 
reaction. The null interaction and synergy hypotheses are compared under the independent action and 
addition concentration suppositions, by fitting the experimental results to the Eq. [93] and Eq. [99] 
generalized models. See Figure 60 and text for details. In all the presented results the parameters 
estimations are significant. 
                            
INDEPENDENT ACTION (IA) 
                            
A1  ETX Mn Mn PG PG AA AA AA AA    
A2  TRO BHA ETX TRO ETX BHA TRO ETX Mn                  
response to A1 
K1 0.904 0.606 0.614 0.722 0.701 0.730 0.668 0.700 0.568    
m1 0.369 0.302 0.305 0.197 0.187 0.149 0.105 0.139 0.100    
a1 1.041 0.985 1.005 0.905 0.959 0.669 0.884 0868 0.899    
response to A2 
K2 0.710 0.308 0.997 0.804 0.992 0.302 0.830 0.657 0.614    
m2 0.380 0.457 0.248 0.386 0.319 0.657 0.153 0.100 0.305    
a2 1.322 0.994 0.922 1.065 0.885 0.988 0.668 0.759 1.005    
A1 as perturbing factor 
for params. of the 
response to A2 
bk2 -0.903 -  - - 2.801 - - -0.836    
ck2 - - -0.771 - - - - - -0.759    
bm2 - - - - - - - - -    
cm2 - - - 2.804 2.338 - - - -    
A2 as perturbing factor 
for params. of the 
response to A1 
bk1 - - - - - - - - -    
ck1 - - - - 1.090 - - - -    
bm1 - -0.305 - 1.682 5.358 - - - -    
cm1 - - - 11.049 - - 2.621 2.115 -    
comp / coop s 0.613 - - 1.034 0.886 - 0.980 - -    
R2adj 0.9756 0.9991 0.9994 0.9997 0.9998 0.9798 0.9932 0.9807 0.9876    
                            
CONCENTRATION ADDITION (CA) 
                            
A1  BHA TRO ETX Mn PG AA TRO ETX Mn PG PG AA 
A2  BHA TRO ETX Mn PG AA BHA BHA TRO BHA Mn PG               
joint response 
K 0.249 0.868 0.950 0.647 0.739 0.689 0.851 0.942 0.808 0.233 0.548 0.792 
m 0.599 0.437 0.372 0.336 0.208 0.129 1.720 4.181 0.344 0.393 0.292 0.270 
a 0.965 1.117 0.844 0.915 0.865 0.758 1.118 0.857 1.030 0.968 1.034 0.856 
relative potency  p 1.035 1.001 1.000 1.000 1.006 1.000 4.616 11.372 0.961 5.808 2.161 1.596 
A1 altering eff. conc. of 
A2 
bD2 - - - - - - - - 0.843 - -0.5571 - 
cD2 - - - - - - - - -0.493 - - - 
A2 altering bD1 - - - - - - - - - - - - 
eff. conc. of A1 cD1 - - - - - - - 0.818 - 0.201 - - 
A1 as perturbing factor 
for params. of the joint 
response 
bk2 - - - - - - - - -0.051 8.321 0.266 - 
ck2 - - - - - - - - - 2.148 - 0.191 
bm2 - - - - - - - - 0.599 - - - 
cm2 - - - - - - - - - - - - 
A2 as perturbing factor 
for params. of the joint 
response 
bk1 - - - - - - -0.194 - -  0.270 - 
ck1 - - - - - - - - - -0.096 - - 
bm1 - - - - - - - - - - - - 
cm1 - - - - - - - - - - -0.452 - 
R2adj 0.9985 0.9995 0.9998 0.9994 0.9985 0.9984 0.9937 0.9995 0.9998 0.9992 0.9989 0.9958 
              
 
 









Figure 60: Matrix combination responses for the CBA, which is organized as follows: a) in the diagonal it can be seem the 
results obtained for the controls; b) in the top part of the diagonal the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part the differences “scenery” between their respective null 
interaction form and the obtained response is presented. Numerical results in Table 41. 
 
 







              
Table 42: Parametric values of the joint action of six different antioxidants in the β-carotene oxidation 
reaction. The null interaction and synergy hypotheses are compared under the independent action and 
addition concentration suppositions, by fitting the experimental results to the Eq. [93] and Eq. [99] 
generalized models. See Figure 61 and text for details. Note, that in all the presented results the 
parameters estimations are significant. 
                            
INDEPENDENT ACTION (IA) 
                            
A1  TOC ETX ETX ETX PG BHT BHT BHT BHT BHT   
A2  TRO BHA TRO TOC BHA BHA TRO TOC ETX PG                 
response to A1 
K1 0.583 1.000 1.000 1.000 0.514 1.000 0.597 0.597 0.154 0.374   
m1 0.376 0.754 0.758 0.754 0.201 0.881 0.881 0.468 0.080 0.211   
a1 1.184 1.629 1.567 1.584 0.960 0.837 0.956 1.236 1.090 0.395   
response to A2 
K2 0.410 0.594 0.100 0.576 0.591 0.528 0.660 1.000 0.861 0.621   
m2 6.669 0.276 1.696 0.389 0.255 0.679 0.117 0.912 0.394 0.700   
a2 0.926 1.039 0.781 1.135 0.973 4.031 1.068 2.522 0.655 4.456   
A1 as perturbing factor for 
params. of the response to 
A2 
bk2 - - - -0.447 0.498 - - - - -   
ck2 - - - - - -0.367 0.314 - - -   
bm2 - -0.235 - - -0.747 - - -0.475 -0.669 -   
cm2 -0.901 - 12.772 -0.744 - - - - - -0.136   
A2 as perturbing factor for 
params. of the response to 
A1 
bk1 0.097 -0.245 - - -0.630 -0.711 - - - -   
ck1 - - - - - - - - - -   
bm1 - - - - - - - - - -   
cm1 - - - 0.711 - 5.423 - - - 20.241   
comp / coop s - - -0.991 1.251 - - - - - 1.434   
R2adj 0.9987 0.9997 0.9996 0.9988 0.9976 0.9923 0.9942 0.9892 0.9818 0.9785   
                            
CONCENTRATION ADDITION (CA) 
                            
A1  BHA TRO TOC ETX PG BHT TRO TOC PG PG PG  
A2  BHA TRO TOC ETX PG BHT BHA BHA TRO TOC ETX                
joint response 
K 0.674 0.995 0.599 1.000 0.508 0.694 0.843 0.761 0.572 0.624 1.000  
m 0.261 15.043 0.408 0.756 0.205 0.140 0.241 0.326 6.993 0.373 5.041  
a 0.978 0.894 1.166 1.558 0.971 0.806 1.199 0.895 1.067 1.151 0.869  
relative potency  p 1.010 0.998 1.016 0.999 0.997 1.005 0.038 0.609 36.116 1.975 10.091  
A1 altering eff. conc. of A2 
bD2 - - - - - - 0.531 - - 1.682 -  
cD2 - - - - - - - - 8.381 1.399 -0.680  
A2 altering bD1 - - - - - - - 12.24 - - -  
eff. conc. of A1 cD1 - - - - - - 13.320 - - - 7.262  
A1 as perturbing factor for 
params. of the joint 
response 
bk2 - - - - - - - - - - -  
ck2 - - - - - - - - - - 0.445  
bm2 - - - - - - - - 0.912 1.588 -  
cm2 - - - - - - - - - - -  
A2 as perturbing factor for 
params. of the joint 
response 
bk1 - - - - - - -0.038 - 0.098 - -  
ck1 - - - - - - - - - - -  
bm1 - - - - - - 1.248 - 0.249 - -  
cm1 - - - - - - - - - -0.236 8.211  
R2adj 0.9987 0.9981 0.9994 0.9996 0.9976 0.9981 0.9998 0.9881 0.9991 0.9987 0.9975  













Figure 61: Matrix combination responses for the βCA reaction, which is organized as follows: a) in the diagonal it can be 
seem the results obtained for the controls; b) in the top part of the diagonal the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part the differences (“scenery”) between their respective null 









2.7. Application to study the synergistic and antagonistic effects between coffee bean 
extracts and commercial antioxidants with different degrees of polarity  
 
Based on results previously published 46,135,201, when more than one A is present in a 
controlled environment, the final AC found, in many occasions it is higher of lower than 
expected. The two classical hypotheses (IA and CA) are used to try to define the unexpected 
interactive results derived from the combination of more than one A. In addition, to the 
synergistic/antagonistic effects between antioxidants, other substances such as protein 
compounds (e.g., BSA and casein) have been repeatedly mentioned due to their capability to 
enhance the AC of antioxidants. Therefore, in this work based on a previous methodology 187, 
we have extended the AC analysis by defining and quantifying the interactive effects 
between: (1) the different degree of polarity of the coffee extracted residues; (2) BSA; and (3) 
some commercial antioxidants of a well-known degree of polarity. 
 
The interactive effects of the extracts from different coffee samples were tested between them 
and versus the other compounds. As the previous results, slightly differences were found in 
the H and L antioxidant methods. Therefore, for simplicity reasons, the coffee sample C4 was 
selected to be the representative sample for the determination and quantification of 
synergy/antagonism. The reasons to select the C4 extracts and not others was because, as an 
average, ranked the highest yield extracts and second regarding the AC. 
 
Figure 62 and Figure 63 show the matrix combination of 21 binary agents for each of the H 
and L reaction. Each pair of agents displays 64 concentration combinations in terms of P  
values. Each P  value summarizes, in standardized area units, the individual response of 67 
independent kinetic measures. All binary agent responses are subjected to the automatic 
stepwise regression analysis described, which provides the information regarding the mode of 
action by applying Eq. [93] and [99], the IA and CA hypothesis, respectively. The modes of 
action, parametric estimations, CI and statistical information of best fitting results derived for 
each of the binary combinations tested are presented in Table 43 and Table 44. Once the mode 
of action is identified, the quantification of the interactive effects is determined in terms of 
RUV by means of Eq. [100]. Table 45 displays the RUV obtained for the binary combination 
between the coffee extracted residues, BSA and commercial antioxidants for both H and L 
methods.  
 
The authors realize that Eq. [93] and [99] (IA and CA respectively) define hypothesis for the 
combination of similar or dissimilar individual chemical entities, and its use with extracts 
formed by mixture of agents are at least controversial. To our knowledge, no tools or 
hypothesis have been developed for testing mixtures of compounds. Thus, we treat the 
extracted residues as a mixture of compounds with an equivalent degree of polarity. 
Therefore, one can say that we are testing the collective degree of polarity of the compounds 
mixture in the extracts, rather than well-defined chemical entities. In any case, the responses 
to the binary joint action of pure antioxidants (such as BHT, ETX, TRO) and the mixture of A 
compounds from different chemical entities (extracted residues RA, HR and AR), but 
equivalent degree of polarity, produced consistent results in all cases. The R2adj (Table 43 and 
Table 44) of all fitting solutions were always greater than 0.97, with a wide majority of the 
fittings superior at 0.99. The response effects of the combination mixtures in terms of RUV 
(%), as described by Eq. (8), are display in Table 45. 
 
 










Figure 62: Matrix combination responses for the CBA, which is organized as follows: a) in the diagonal it can be seem the 
results obtained for the controls; b) in the top part of the diagonal the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part the differences “scenery” between their respective null 
interaction form and the obtained response is presented. Numerical results are in Table 43 and Table 45. The reader should 
note that the resulting scenery of the case AA vs BSA has different R axes that all other ones. 
 
 








             
Table 43: Parametric values of the joint action of six different antioxidants in the crocin oxidation 
reaction. The null interaction and synergy hypotheses are compared under the independent action and 
addition concentration suppositions, by fitting the experimental results to the [93] and [99] generalized 
models. In all the presented results the parameters estimations are significant. 
             
             
INDEPENDENT ACTION (IA) 
             
             
A1  ETX AA AA AA ETX ETX ETX TRO AA AA  
A2  TRO BSA AR HR BSA AR HR AR TRO ETX  
             
response to A1 
K1 0.904 0.272 0.385 0.561 0.297 0.674 0.522 0.895 0.668 0.700  
m1 0.369 0.185 0.373 0.408 0.705 0.868 0.172 0.528 0.105 0.139  
a1 1.041 1.314 1.359 1.057 1.239 0.795 1.248 1.387 0.884 0868  
response to A2 
K2 0.710 0.204 0.540 1.000 1.000 1.000 1.000 0.324 0.830 0.657  
m2 0.380 0.166 0.601 1.702 0.427 0.672 0.751 0.141 0.153 0.100  
a2 1.322 1.363 0.979 0.915 0.960 1.007 1.099 1.338 0.668 0.759  
A1 as perturbing factor 
for params. of the 
response to A2 
bk2 -0.904 -- -0.985 -- -0.784 -- -- -- - -  
ck2 -- -0.739 -0.990 -- -- -- 3.111 -0.628 - -  
bm2 -- -0.655 -- -- -0.724 -- -- -- - -  
cm2 -- -- 2.287 1.147 -- -- 7.465 -- - -  
A2 as perturbing factor 
for params. of the 
response to A1 
bk1 -- -- -- -- -- -- -- -- - -  
ck1 -- -- -- -- -- -- -- -- - -  
bm1 -- 32.809 -- -0.792 1.723 -- 0.631 -- - -  
cm1 -- 8.744 -- -- -- -- -- -- 2.621 2.115  
comp / coop s -- -- -- -- -0.648 7.421 0.393 -0.990 0.980 -  
R2adj 0.9932 0.9756 0.9854 0.9935 0.9951 0.9940 0.9967 0.9944 0.9932 0.9807  
             
             
CONCENTRATION ADDITION (CA) 
             
             
A1  HR AR BSA TRO ETX AA BSA BSA HR HR TRO 
A2  HR AR BSA TRO ETX AA AR HR AR TRO BSA 
             
joint response 
K 0.545 0.587 0.476 0.868 0.947 0.688 0.735 0.818 0.460 0.777 0.719 
m 0.484 0.516 1.952 0.437 0.370 0.129 3.238 62.253 0.323 0.465 1.343 
a 1.333 1.333 1.068 1.117 0.845 0.756 1.344 0.727 1.002 1.049 1.474 
relative potency  p 1.016 1.000 0.949 1.001 1.000 1.000 6.017 5.144 0.993 1.087 4.957 
A1 altering eff. conc. of 
A2 
bD2 -- -- -- -- -- -- -- -- -- -- -- 
cD2 -- -- -- -- 0.029 -- -- -- -- 2.284 -- 
A2 altering bD1 -- -- -- 0.002 -- -0.104 -- -- -0.919 -- -0.990 
eff. conc. of A1 cD1 0.103 0.072 -- -- -- -- -- -- 0.145 -- -- 
A1 as perturbing factor 
for params. of the joint 
response 
bk2 -- -- -- -- -- -- -0.097 -- -- -- -- 
ck2 -- -- -- -- -- -- -- 1.667 -- -- -- 
bm2 -- -- 0.342 -- -- -- -0.311 48.811 -- -- -0.636 
cm2 -- -- -- -- -- -- -- -- -- -- -- 
A2 as perturbing factor 
for params. of the joint 
response 
bk1 -- -- -- -- -- -- -- -- -- -- -- 
ck1 -- -- -- -- -- -- 2.402 -- -- -- -- 
bm1 -- -- -- -- -- -- -- -- -- -- -- 
cm1 0.109 0.071 -- -- -- -- -- -- 0.237 -- -- 
R2adj 0.9939 0.9999 0.9999 0.9993 0.9995 0.9998 0.9984 0.9995 0.9996 0.9919 0.9834 
             
 










Figure 63: Matrix combination responses for the βCA, which is organized as follows: a) in the diagonal it can be seem the 
results obtained for the controls; b) in the top part of the diagonal the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part the differences “scenery” between their respective null 
interaction form and the obtained response is presented. Numerical results are in Table 44 and Table 45. The reader should 
note that the resulting scenery of the case ETX vs HR, ETX vs AR and ETX vs BSA has different R axes that all other ones. 
 








             
Table 44: Parametric values of the joint action of six different antioxidants in the crocin oxidation 
reaction. The null interaction and synergy hypotheses are compared under the independent action and 
addition concentration suppositions, by fitting the experimental results to the [93] and [99] generalized 
models. In all the presented results the parameters estimations are significant. 
             
             
INDEPENDENT ACTION (IA) 
             
             
A1  LR LR BSA ETX ETX ETX BHT BHT BHT BHT  
A2  HR AR LR HR AR BSA HR AR BSA ETX  
             
response to A1 
K1 0.711 0.603 0.627 0.547 0.618 0.440 0.637 0.614 0.829 1.000  
m1 2.187 4.110 0.200 0.219 0.171 0.261 0.239 0.167 0.531 0.454  
a1 2.591 0.908 0.953 1.075 1.072 1.096 0.885 1.012 1.559 1.154  
response to A2 
K2 0.732 0.646 0.166 1.000 0.876 0.996 0.471 0.460 0.448 0.466  
m2 0.184 0.146 0.728 1.225 1.111 1.981 0.167 0.239 0.273 1.218  
a2 0.782 0.918 0.987 1.474 1.418 1.410 0.943 0.779 0.677 0.784  
A1 as perturbing factor 
for params. of the 
response to A2 
bk2 -0.199 -- 1.230 -- -- -0.147 -- 41.121 -- --  
ck2 -- 0.274 -- 0.240 -- -- -- 22.524 -0.365 0.903  
bm2 -- 0.648 -0.564 -- -- -- -- 5.653 -0.678 --  
cm2 0.934 2.422 -- 5.475 6.988 6.776 -- 32.123 12.196 21.258  
A2 as perturbing factor 
for params. of the 
response to A1 
bk1 -- -- -- -- -- -- -- -- -- --  
ck1 -- -- -- -- -- -- -- -- -- --  
bm1 -- -- -- 0.721 0.578 1.070 20.734 -- -- --  
cm1 -- -- -- -- -- -- 15.155 -- -- --  
comp / coop s -0.990 -- 1.245 -- -0.223 -- 5.653 -- -- 0.143  
R2adj 0.9932 0.9920 0.9996 0.9998 0.9997 0.9995 0.9998 0.9995 0.9994 0.9968  
             
             
CONCENTRATION ADDITION (CA) 
             
             
A1  HR AR LR BSA ETX BHT AR BSA BSA ETX BHT 
A2  HR AR LR BSA ETX BHT HR HR AR LR LR 
             
joint response 
K 0.608 0.706 0.153 0.407 0.919 0.693 0.593 0.654 0.695 1.000 0.392 
m 0.212 0.166 0.648 0.233 1.051 0.140 0.162 0.200 0.225 1.918 0.127 
a 1.088 1.067 0.939 1.008 1.247 0.805 0.963 1.080 1.129 1.257 0.953 
relative potency  p 1.005 0.976 1.013 0.979 1.073 1.005 0.341 0.900 1.435 1.360 0.075 
A1 altering eff. conc. of 
A2 
bD2 -- -- -- -- -- -- -- -- -- -- -- 
cD2 -- -- -- -- -- 0.075 1.121 -- -- -- -- 
A2 altering bD1 -0.263 -- -- -- -- -- -- -- -0.511 0.322 -- 
eff. conc. of A1 cD1 -- -- -- -- -- -- -- -- -- -- 0.175 
A1 as perturbing factor 
for params. of the joint 
response 
bk2 -- -- -- -0.086 -- -- -0.090 -- -- -- -- 
ck2 0.752 1.070 -- -- -0.383 -- -- 0.982 1.335 -- 0.679 
bm2 -- -- -- -- -- -- -- -- -- 0.376 -- 
cm2 -- -- -- -- -- -- -- -- -- -- -- 
A2 as perturbing factor 
for params. of the joint 
response 
bk1 -- -- -- -- -- -- -- -- -- -- -- 
ck1 -- -- -- -- -- -- -- -- -- -- -- 
bm1 -- -0.495 -- -- -- -- -- -0.407 -- -- -- 
cm1 -- -- 0.008 0.108 -- -- 0.303 -- -- -- -- 
R2adj 0.9992 0.9995 0.9999 0.9999 0.9999 0.9980 0.9873 0.9999 0.9999 0.9999 0.9999 
             
 





        
Table 45: Effect of the combination of 42 different pairs of antioxidants for each reaction. Those in 
which one antioxidant is combined with itself are used simply as controls. For each case the RUV (%) 
is computed as described by Eq. [100]. Note the differences in the scale in concentration ranges. 
        
        
A: βCA (LIPOPHILIC) 
        
        
  HR AR LR BSA ETX BHT 
        
        
(0-100 µg) HR NI-CA (0.0%) S-CA (1.9%) S-IA (3%) S-CA (1%) S-IA (36.2%) S-IA (3%) 
(0-100µg) AR - NI-CA (0.0%) S-IA (9.6%) S-CA (0.6%) S-IA (31.4%) S-IA (24.3%) 
(0-100 µg) LR - - NI-CA (0.0%) S-IA (14.3%) A-AC (-13.1%) S-CA (1.6%) 
(0-3 mg) BSA - - - NI-CA (0.0%) S-IA (46.5%) S-IA (11.2%) 
(0-20 ng) ETX - - - - NI-CA (0.0%) S-IA (5.6%) 
(0-1.5 µg) BHT - - - - - NI-CA (0.0%) 
        
        
B: CBA (HYDROPHILIC) 
        
        
  HR AR BSA TRO ETX AA 
        
        
(0-250 µg) HR NI-CA (0.0%) A-AC (-1.8%) S-AC (36.8%) S-AC (5.1%) S-AI (9.8%) S-AI (2.9%) 
(0-250 µg) AR - NI-CA (0.0%) S-AC (37.7%) S-AI (5.7%) S-AI (14.4%) S-AI (20.1%) 
(0-30 mg) BSA - - NI-CA (0.0%) S-AC (12.2%) S-AC (0.3%) S-AI (56.8%) 
(0-15 µg) TRO - - - NI-CA (0.0%) A-AI (-6.1%) S-AI (7.7%) 
(0-3 µg) ETX - - - - NI-CA (0.0%) S-AI (9.4%) 
(0-30 µg) AA - - - - - NI-CA (0.0%) 
        
        
 
Therefore, the following conclusions can be derived: 
 
(a) In terms of the mode of action identification. In general, highly correlated results with the 
degree of polarity of the compounds were found. When two lipophilic antioxidants were 
mixed, independent of the environmental reaction (L or H), the mode of action was CA, 
and when the mixed compounds had different polarity affinities was IA. However, there 
are some exceptions, such as TRO vs AR in the CBA, in which as a function of their 
polarity affinities one could expect a CA response, but it shows a better fitting results 
under the assumption of IA hypothesis. Probably the reasons under this non-correlated 
behavior are behind the aqueous extraction itself, in which lipophilic antioxidants may 
have also been extracted, acting at different points of the H reaction (IA mode). This 
possibility may be confirm by looking at the results of AR and HR versus all other 
compounds, in which always their interactive effects showed similar results as exception 
of the cases BHT vs AR (βCA) and AA vs AR (CBA). In those cases, their interactive 
effects were higher than when HR was used. This information also shows that some other 
different compounds are extracted that caused another type of interaction increasing the 
synergistic effects.  
 
(b) In terms of the type of interactions (synergistic/antagonistic/null interaction). Only three 
cases were found with clear antagonistic responses, the ETX vs TRO and AR vs HR in the 
H reaction and LR vs ETX in the L reaction. Only the case of ETX vs BSA in the H 
reaction did not produce significant lower or higher responses than expected (null 
interaction). However, there were few cases that their synergistic effects were lower than 
2 %, in the L reaction (HR vs AR; BSA vs HR; LR vs BHT) and in the H reaction (HR vs 
AR), in which also null interaction hypothesis could be admitted. In all the others binary 
combinations, statistically significant synergistic effects were found. 
 
(c) In terms of the quantification of the interactive synergistic responses. In general, the H 
interactions were stronger than the L ones. In H environment, the responses that showed 
synergistic interactions can be grouped as follows: (1) Synergistic effects < 20 % (TRO vs 
HR; TRO vs AR; TRO vs BSA; ETX vs HR; ETX vs AR; AA vs HR; AA vs TRO; AA vs 




ETX); (2) Synergistic effects between 20-30 % (AA vs AR); and (3) Synergistic effects > 
30 % (BSA vs HR; BSA vs AR; BSA vs AA). In L environment, the responses that 
showed synergistic interactions can be grouped as follows: (1) Synergistic effects < 10 % 
(AR vs HR; LR vs HR; LR vs AR; BSA vs HR; BSA vs AR; BHT vs HR; BHT vs LR; 
BHT vs ETX); (2) Synergistic effects between 10-20 % (BSA vs LR; BHT vs BSA); and 
(3) Synergistic effects > 20 % (ETX vs HR; ETX vs BSA). 
 
(d) Another interesting aspect of results described is the high positive interactions found when 
BSA is used versus almost all other compounds, such as ETX vs BSA (46 %) in the L 
reaction and AA vs BSA (56 %) in the H reaction. As exceptional cases HR vs AR and 
BSA vs HR in the L reaction shows a nearly null interaction, but when the same mixtures 
are used in the H reaction, high powerful interactions are seen. 
 
Apart from exceptional cases, if the behavior described in (a) is confirmed in other areas of 
study, may show some interesting concepts to the field of the interactive effects of 
compounds, indicating that the polarity of the compounds may be highly correlated with the 
mode of action, independently of the surrounding environment.  
 
Regarding the high positive interactions described in (c), the author lack of a knowledge to 
explain the reasons why in the presence of very high concentrations of BSA, some 
compounds, independently of the hypotheses that you use, show a clear unexpected increase 









3. Quantification, characterization and description of synergy and antagonism in 
Single Electron Transfer (SET) antioxidant assays. 
 
Previously, it has been developed mathematical tools to provide an algebraic environment to 
translate the classical interactive hypothesis regarding the binary combination of individual 
chemical entities. Furthermore, we described a procedure to identify and quantify the 
interactive effects between two antioxidants in HAT assays, and applied it to investigate 
interactive mechanisms in complex mixtures of antioxidants. In this study, we continue with 
the application of theoretical standpoints to different fields, by cautiously describing a method 
for SET antioxidant assays to determine the synergistic and antagonistic effects of combining 
binary mixtures of antioxidants. We have transferred the more recent advances in the 
quantification of the dose effect of individual agents and the joint effect of binary mixtures 
through response surface analysis. The procedure was tested in two well-known SET assays, 
the DPPH and ABTS methods. They were selected because they provide an optimized 
response system that is fairly representative of the SET oxidation processes, especially 
accurate, reproducible and yields a low experimental error 225. They are extensively used to 
quantify the potential AC. Their respective protocols have been repeatedly revised and 
improved, being well optimized at present 226.  
 
Therefore, this section illustrates a methodological procedure for SET antioxidant assays to 
determine the synergistic and antagonistic effects of combining binary mixtures of 
antioxidants. Despite the abundance of procedures to describe the synergistic/antagonistic 
effects in SET assays, they are insufficient. Some features hindering advances in this field 
(which is already highly complex) include the lack of: (1) unambiguous experimental design 
as a result of the extended use of simplistic procedures to quantify the effects of joint 
responses based on single-dose values; (2) detailed mathematical hypotheses to quantify dose-
response values, which in addition causes the associated difficulties for assessing the 
statistical consistence of the results; and (3) functional approaches that consider interactive 
effects. This part proposes solutions for each of these limitations. Well-established ideas from 
existing fields are used to replace the current simplistic procedures in order to quantify the 
effects of joint responses. One of the common hypothesis (CA) for describing the 
combinatory effects is established for SET assays. A dose dependent mathematical model 
representative of that hypothesis, based on probability functions with meaningful parameters 
is applied. The interactive effects between antioxidants are introduced into the model with 
simple auxiliary functions that describe the variations induced by each A in the parameters 
that define the effects of the other. Finally, a comprehensive index to summarize the complex 
parametric responses in one single value is proposed. Although the approach was 
experimentally demonstrated just in two classical SET assays (DPPH and ABTS), the results 
could be directly expanded to other types of classical SET assays. The methodology proposed 
is more complex than some relatively common approaches; nevertheless it can be consider 
free of the controversial aspects above listed. Statistically consistent responses of null, 
synergy and antagonism effects were found when characterizing the interactions between 
several pairs of individual and complex mixtures of chemical A agents.  
 
3.1. Procedure for the determination of the synergistic and antagonistic effects between two 
pairs of antioxidants 
 
As described in related works 187,227, microplate assays were carried out based on a complete 
design for 88 arrays of two A mixtures at equally increasing concentrations (64 independent 
dose combinations) which were freshly prepared. Thus, 25 µL of each A solution was added 




to each well containing 250 µL of the corresponding reagent. All other conditions were the 
same as previously described.  
 
The concentration ranges used for each A sample are presented as weight used for the final 
reaction volume of a microplate well (300 µL). Thus, for the DPPH reaction the 
concentrations ranges are: TRO (0.00 to 3.15 µg); AA (0.00 to 3.15 µg); PG (0.00 to 1.25 
µg); BHA (0.00 to 5.00 µg); BHT (0.00 to 17.50 µg); TBHQ (0.00 to 2.00 µg); ETX (0.00 to 
3.15 µg); TOC (0.00 to 3.15 µg); C (0.00 to 6.25 µg); and T (0.00 to 2.50 µg). While the 
concentration ranges in M of the antioxidants used for the ABTS reaction are: TRO (0.00 to 
0.75 µg); AA (0.00 to 2.00 µg); PG (0.00 to 0.25 µg); BHA (0.00 to 0.40 µg); BHT (0.00 to 
2.00 µg); TBHQ (0.00 to 0.40 µg); ETX (0.00 to 0.75 µg); TOC (0.00 to 2.00 µg); Coffe (C4 
type) (0.00 to 2.00 µg); and Tea (D type) (0.00 to 0.75 µg). 
 
3.2. Tying up the loss ends 
 
This study investigates theoretical standpoints from different fields to develop a 
methodological procedure for SET antioxidant assays to determine the synergistic and 
antagonistic effects of combining two antioxidants. The classical interactive hypothesis of CA 
and IA for two agents was transferred by current analytical tools 228. The structure of the 
methodological procedure is based on similar ones recently published 187,227 to identify and 
quantify the interactive effects in HAT. However, before we can focus on the core of the 
problem, other issues need to be addressed such as: 1) which mathematical model is more 
adequate to compute and compare the individual dose-effects of antioxidants in SET assays; 
2) which of the classical interactive hypotheses (CA and IA), if any, adapts better to the 
chemical conditions in SET assays; 3) which descriptive surface models are currently 
available and what are the possible ways to summarize the complex responses scenarios in a 
comprehensive index; 4) what range of concentrations is more suitable for the determination 
of synergistic and antagonistic effects; 5) what is the maximum number of antioxidants that 
can be tested for their combinatory effect; and 6) from a theoretical standpoint, which 
compounds, individual antioxidants or complex mixtures, such as natural extracts, can be 
tested?  
 
Once these points are discussed, an illustrative step by step example of the methodological 
procedure is depicted. Finally, two classical SET assays, based on the bleaching of the 
DPPH•+ and ABTS•+ radicals, are used to test experimentally the procedure between the 
binary mixtures of the antioxidants described in the Material and Methods section, covering 
the analysis of individual chemical entities and complex mixtures of natural extracts. 
 
3.2.1. Single value to assess the response of antioxidants 
 
SET assays are rapid protocols which make the kinetic measurement of the reaction difficult, 
in comparison to the HAT assays, in which the indicator and radical species of the reaction 
can be adjusted to extent or shorten the time of the reaction. SET-based assays generally set a 
fixed time to measure conversion color of the radical. The fixed points initially chosen, have a 
relevant impact on the final results obtained 14,185. Therefore, in SET assays, to avoid 
generating non-consistent responses, an intermediate approach must be found. Otherwise, 
from a mathematical point of view we are forced to reject any result 229. As for all non-linear 
kinetic reactions, the only useful rate value would be the maximum one. However, the time at 
which the rate reaches its maximum cannot be established a priori and varies for each 
compound and concentration. Thereby, for SET assays, the only possible reproducible value 
to be used is the final end point, which accounts for the entire potential capacity, but neglects 
the kinetic aspect of the reaction. One drawback of neglecting the kinetic analysis is that: two 




antioxidants could have the same dose-response potential capacity and very different affinities 
towards the radical. Because the time to achieve such response is not taken into account, their 
general AC would be registered as indentical, but they are not. Understanding this fact, 
diminishes its consequences and provides a reproducible response. 
 
Before any value to summarize the responses is considered, the responses must first be 
properly standardized. The best solution could be to rearrange the response as a function of 
the reduced radical molecules, as follows: 
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in which R is the bleached radical response measured as a function of time (t) and dose (D) of 
an antioxidant. 
0R
  is the initial concentration of the radicalized form of the compound. A and 
C are the kinetic curves for each dose of the A and the control, respectively. By carrying out 
this standardization, the response is valid for the ABTS and DPPH responses. For other SET 
assays the rearrangements may need to be modified, but the essence should be kept.  
 
For the determination of the asymptotic end point values of the kinetic response, several 
possible solutions exist. One of them is the kinetic analysis with explicit mathematical 
equations. In this context, three groups of alternatives are defined in the bibliography 30,31,53 
covering a wide spectrum of profile responses, from potential to sigmoid ones, with and 
without intercepts. These mathematical tools allow to predict, with precision, the asymptotic 
end point value of the reaction’s kinetic for all the doses assessed. However, this analysis is 
rarely applied in microplate readers for SET assays because, for some antioxidants the affinity 
towards the radical is rapid (kinetic completion in less than 1 min as in TRO), while for others 
it is very slow (kinetic completion during more than 60 min as in BHT). In this sense, when 
testing a set of combinatory dose-effects useful for evaluating the synergistic or antagonistic 
effects of a mixture of compounds the resulting experiment becomes unfeasible. Other more 
intuitive solutions must be applied. A valuable alternative is based on the kinetic variation 
with the control. However, if the kinetic perspective of the response is not clear, as occurs 
frequently in most SET assays, we should still follow experimentally the kinetic of the 
reaction and select those values as the asymptotic ones that would not show any changes with 
regard the reduction of the control.  
 
3.2.2. Dose-response model to describe the variations of the asymptotic potential values of 
SET assays 
 
HAT-based assays measure the reactivity or capacity of antioxidants on competition kinetic 
grounds, in which the indicators of the reaction (in general another A) compete for the 
reactive species with the A sample to be tested. Therefore, they rank the affinity of 
antioxidants to counteract the reactive species against the indicator. Because both the dose of 
the A and the kinetics of the process are relevant, authors have started to use time-dose 
dependent models to evaluate their responses. SET-based assays measure the potential 
capacity of an A to counteract an oxidant that changes its color when reduced and avoids the 
analysis of the A kinetic affinity towards the radical species. The degree of color change 
(either an increase or decrease) is correlated to the concentration of antioxidants in the 
sample. For SET assays, as mentioned, when neglecting the kinetic aspect of the response, the 
only possible reproducible value to be used is the final one, which accounts for the entire 
potential capacity, but neglects the affinity of the A for the radical compound. 
 




Commonly, the linear range of the dose-response of an established commercial A (e.g. TRO 
or BHT) is used as a calibration curve to compute the equivalent potential AC of new samples 
and the samples are only tested at one single-dose. This simplification causes deficiencies and 
the risk of inconclusive results 12. Due to the inconsistency of the results, frequently, authors 
select the “linear range” of the dose-response of all samples and evaluate their AC by 
contrasting their respective slopes. Less commonly, authors have suggested that some radical-
generating property of the system can be saturated 134,229, and in general, the non-linearity of 
the dose-responses of compounds has been described by mathematical expressions common 
to many fields of study to evaluate the dose-responses.  
 
The preferable options are always models that have a lower number of parameters and models 
with parameters that provide direct meaning of the processes under analysis. Among the most 
common, hyperbolic, potential or sigmoid functions are traditionally used in biological 
systems due to their manageability. Although, if we generalize the action in a 2D-frame, those 
models that cover the maximum possible responses and minimize the number of parameters, 
even if the availability of mathematical expressions is significant, the group that best meets 
these conditions and had been applied in different fields with high level of accuracy, is the 
group of sigmoid functions. In general, the three parameter sigmoid group of functions 
without intercept (Hill Eq. [8], Gompertz Eq. [9] Richards-Chapman Eq. [10] or Weibüll Eq. 
[22]) are the best solution to fit individually the asymptotic endpoint values corresponding to 
a series of increasing levels of an A. After testing those models, it was found that the Weibüll 
survival distribution function 104 was the most satisfactory with the highest level of accuracy. 
The Weibüll model was previously reported to successfully describe the response in other A 
methods 15,185. Thus, the dose-response of the asymptotic end point values can be fitted to the 
Eq. [22] as the principle formula to perform the analysis of the effector agent. The parameter 
K is the maximum radical reduced, asymptotic value of the response (for the SET assays here 
studied, reduced molecules of the radical). The parameter  corresponds to the dose required 
for 50% radical reduction (substrate half-dose), which is the value of maximal predictability, 
because it corresponds also to the average radical molecules reduced per molecule of A agent. 
The parameter  shape parameter related to the maximum slope of the response. Eq. [22] is 
very versatile: when <1, it can adjust the profiles of potential responses; when =1, a first-
order kinetic is described; when >1, a variety of sigmoidal profiles is produced. 
 
The reader should note that the three parameter sigmoidal group of functions without 
intercept would be generally acceptable solutions to fit individually the dose profiles, 
corresponding to a series of increasing A level. We have chosen the survival Weibüll 
distribution. However, in very similar terms, any of the other mentioned equations are, in 
reasonable terms, appropriate. 
 
Apart from the previous parameters, other interesting ones can be obtained, such as the 
averaged rate (v, averaged molecules of the reduced radical/µg of A) that can be obtained 
with some algebraic modifications from Eq. [22] as showed in Eq. [24]. The CI of v could be 
estimated by means of the reparametrization of Eq. [24]. In addition, any given percentage n 
of the response R desired can be computed simply by rearranging Eq. [22] as described in Eq. 
[28]. In which n can be any value between 0-100%, consequently the corresponding n can be 
computed to obtain any n percentage of the maximum radical molecules reduced of K. Other 
parameters of Eq. [28] remain with the same meaning as in Eq. [22]. 
 
Consequently, we can consider the parameter τ or v as a meaningful way to compare A 
activities. The information provided by the combination of those values represents a robust 
tool to compare the activities of different A agents based on the parametric estimations of the 
dose response effects. Authors may only focus on one parameter, depending on their interests, 




in any case, they are a simple way of summarizing responses in useful values to compare AC 
of compounds. Therefore, the potential equivalent capacity of samples and standard 
antioxidants can be compared effortlessly. Furthermore, the application may facilitate the 
ranking process and the selection of appropriate concentrations of natural products to replace 
commercial antioxidants, as we shall see. 
 
3.2.3. Classical interactive hypothesis: Identification of the mode of interaction for SET 
assays 
 
The synergistic and antagonistic interactions of two (or more) antioxidants, despite their 
importance, are only studied from simplistic views 44–46, rather than generalizing the classical 
approaches 47–52. The characterization of the combined action of chemicals of interest involves 
the challenge of how to define the null, antagonistic or synergistic action. It is therefore of 
crucial importance to understand the terminology that describes the combined effect of agents 
in terms of the mechanisms of action 220. For the determination of the presence or absence of 
interactive effects of two well defined agents, two classical concepts or modes of interaction 
are conventionally considered in the dose-response field, “simple dissimilar action” or the 
independent action (IA) 50 and “simple similar action” or the concentration addition (CA) 
47,48,51, also referred to as Bliss independence and Loewe additivity. Both have multiple names 
in the literature. 
 
The theoretical principle behind CA is that in the absence of interactions, chemicals differ 
only in potency and can be regarded as dilutions of one another 47,48. Because different 
dilutions of the same chemical will always conform to CA and will operate by the same 
mechanisms of action, it is typically assumed that mixtures of different chemicals that share 
the same molecular target will also behave according to CA. To calculate the joint effect of 
chemicals using CA, one account for the degree of dilution by relating the concentration of 
each chemical in the mixture as a single agent, adding up the concentrations, and calculating 
the effect from the joint dose-response curve.  
 
The theoretical assumption behind IA supposes that the compound’s effects act through 
different mechanisms, the chemicals in a mixture do not physically, chemically, or 
biologically interact. Therefore, they act independently of each other 49,203. Berenbaum 
(1985a, 1985b) 47,48 illustrated the theory with a hypothetical example and defined,  through 
probability theory, the response as the sum of the probabilities of the individual phenomena 
minus the probability of their joint occurrence.  
 
IA and CA hypotheses postulate modes of action; that is, they can be associated to general 
mechanisms or microscopic conditions that allow to propose variations, capable of generating 
specific responses. Both are useful simplifications, but do not represent the only possible 
responses, and avoid to a large extent the analysis of the interactions that are possible in the 
system. 
 
Conventionally, the results of dose-response experiments are tested against these two 
hypotheses. When comparing the CA and IA hypotheses, even when the models are 
challenged with chemicals having different mechanisms of action and chemicals mixed 
according to their potency to exert equal effects, the difference in prediction by IA and CA is 
small. This relatively minor difference suggests that both models may be valid and authors 
have to use additional statistical tests to deduce which is the most relevant solution for a 
particular system. From a practical point of view, it is desirable to be able to use a single 
model for all situations. In addition, mechanisms of action are often unknown. In this regard, 
toxicology and ecotoxicology fields have become usual the focus for nonlethal end points 208. 




This tests measure gradual end points such as growth, morphological and behavioral changes 
which are all quantitative and therefore do not fit the theoretical assumptions of IA 205,219. The 
SET fits the description of nonlethal end points because SET tests measure the reduction of 
only one radical to its “nonlethal” end point. Therefore, differently to HAT assays, in which 
the hypothetical assumptions involve the analysis of both possible mechanisms of action 
187,227, in SET assays, we can simplify the analysis using only the CA theoretical formulation. 
 
3.2.4. Response surface model to describe and quantify the interactive concentration addition 
(CA) mode of action in SET assays 
 
The classical null interaction formulation of CA 47,48 is not defined as a relation between the 
individual responses, but through the assumption that the response to a mixed dose of two 
chemicals behaves as the response to the “mixed” dose of the same chemical, implying that 
any chemical concentration can be substituted by the effective concentration of the other one. 
However, the conventional analysis applied in toxicology to CA hypothesis, instead of 
analyzing the results through conventional dose-responses tools, uses a graphical analysis 
with the isobole examination, accepting that straight, concave up and convex up isoboles 
indicate a null interaction, synergy and antagonism, respectively. Unfortunately, this graphical 
procedure is more a restriction than a simplification because: 1) other effects may increase or 
decrease the response corresponding to the null interaction, without altering the effective 
concentration, and these effects should not be excluded from the synergy and antagonism 
definitions; 2) such an index is calculated at a specific point or along a specific response (e.g. 
the half-maximal response) and cannot account for what happens in another region of the 
response surface. Therefore, the quantification of synergy and antagonism concepts will be 
used according to current modern approaches applying response surface models, in which the 
possible patterns of deviation from the reference are assessed based on dose-dependent 
interactions 52,207,230. Essentially a dose-response relation for each chemical applied separately 
is combined with a functional relationship between the concentrations of the individual 
chemicals in the mixture and the single-chemical concentrations needed to obtain the same 
effect. 
 
The importance of the assumptions of CA concerning both the degree of similarity of site of 
action and the similarity of slope has been debated since the introduction of such hypotesis 
202,207,208,220. The response to a mixed dose of two A agents (A1 and A2) in the absence of 
interactive effects (null interaction) can be postulated as the response of two fictitious 
“mixed” doses of the same agent 228 (Eq. [94]). The different potency effects of each A 
compound tested, can be inserted by multiplying one of the doses by a factor p (p=1 for 
chemicals with equal potency). Thus, in Eq. [95] represents the CA hypotesis assuming no 
interactions.  
 
The above model does not include the interactions. The concept “interaction” describes the 
combined effect between two chemicals. The term “interaction” should not be viewed in the 
physiological sense to describe biological interference for a target or receptor, but as an 
empirical description to characterize departure from additivity. Different possible 
perturbations can be postulated: (1) dose dependent interactions of one A modifying the 
effective dose of the A power and introducing a factor that perturbs it; and (2) interactions that 
modify the parameters of the response to the other parameters and, therefore, changing the 
response, which can be achieved by multiplying K and m parameters by a perturbation term. 
For simplification, in both cases, the factor that perturbs the dose or the parameters was 
described in Eq. [97]. Therefore, the general model for CA is more complex, including 
interactions, modifying the effective dose and the sigmoidal parameters with the perturbation 




term of Eq. [97] as defined in Eq. [99], which includes all the possible theoretical interactions, 
nevertheless much simpler situations are commonly found. 
 
3.2.5. Simplification of the complex interactive effects in a simple quantification index 
 
Once the previous relations are accepted as a generalized model for CA hypothesis, an 
algebraic framework is established that characterizes synergy and antagonism sceneries 
through the specific variations imposed by the perturbations, translated into changes of the 
effective concentrations, as well as, into variations of K and m parameters. However, all these 
complex possible effects described above may obstruct the comprehension of the overall 
effects accounted and a single numerical value that summarizes the nature and the intensity of 
the synergistic or antagonistic interactions could be very helpful. The best alternative to 
summarize the complex possible effects described above would be by computing the 
percentage relative unit of volume (Eq. [100]). 
 
3.2.6. Experimental design for the combination of two A agents, number of concentrations 
and ranges more suitable for efficient analysis 
 
When analyzing the individual dose effects of one agent with dose-response models should 
always focus on the experimental effort covering as much as possible the experimental 
domain, rather than increasing the number of replicates to minimize the effects of the 
experimental error, because from the point of statistical significance of a model, this is more 
efficient. For increasing the accuracy of the model predictions and significance of the 
parameter estimations, assuming a standard deviation of a 5 % with a homoscedastic variance 
of the experimental error, we must perform at least 12 proportional independent measures 
through the independent variable, with a minimum of 25 % of the responses on the asymptote. 
To obtain the concentration ranges that would produce the 25 % of the dose-responses in the 
asymptote, as usual, previous minor dose-range experiments must be performed.  
 
When analyzing the combining dose effects of two agents with a dose-response surface 
model, the essence of the individual agent analysis must be kept, but the multi-components 
variables affecting the efficiency of the mathematical analysis are difficult to distinguish. To 
quantify, characterize and predict accurately the additive behavior compounds as null, 
synergistic or antagonistic in SET assays, the response would heavily depend on appropriate 
study designs. From this starting point, one might speculate, how the compounds would 
behave in a mixture using single-dose experiments. However, these are simplistic reductions 
of the problem 231. The only way to describe the combined action of the components in the 
mixture is to perform experimental studies combining the doses and comparing the effect of 
the mixture to the effect of the individual compounds 228. In principle, there is a diverse range 
of experimental designs to evaluate it.  
 
Each design offers specific advantages, but in our experience the complete design is the most 
effective, which is simply combining all the doses of an agent with all the doses of the other. 
Although the complete design is more informative and efficient than the radial or equiadditive 
designs 202, commonly used in the risk assessment of toxic chemicals, its drawback is that it 
requires an additional set of data compared to the other designs. Regarding the number of 
doses that should be combined, the maximum combinatory area of a typical 96 well 
microplate are fulfilled, in which an array of eight independent doses per each A, are 
combined, providing 64 independent dose relations.  
 
When the experimental data are fitted to a multivariable characterization, the model becomes 
more consistent and informative as well as providing better estimations of parameters 




reducing their interval of confidence. In as much as the experimental curves obtained do not 
span the full range and some of them fail to provide information about one or more of the 
parameters of the equation, the combined application of a surface model would describe 
simply and accurately all the responses. Finally, regarding the concentration ranges to be 
used, we strongly suggest that the ideal dose-range in the combinatory experiment should be 
those that produced the 95 % of the response in the previous analysis of the individual effects. 
Such an ideal range of doses can be determined easily by firstly, fitting the dose-response of 
the individual effects to Eq. [22], and then, inserting the parametric estimations obtained into 
Eq. [28] with n = 95 % changing the independent variable t by D as in previous sections. 
 
3.2.7. Number of antioxidants and type (individual or mixtures) that theoretically are 
subjected to analysis 
 
When assessing the toxicity of chemicals over the life of organisms, authors argued that they 
are rarely exposed to only the combination of two single contaminants. Such argument may 
be equally valid in the analysis of joint effects of antioxidants. Although several studies in the 
literature have illustrated procedures to assess a multi-component mixture of individual 
chemical entities 205, in the present work, we have only discussed binary mixtures. 
Experiments with three (or more) chemicals do not seem to have an easy and satisfactory 
resolution 202,228. 
 
With regard to the type of antioxidants (individual chemical entities such as commercial A 
standards or complex mixtures of antioxidants including the extracts from plants) that 
theoretically are licit to test their combinatory effects, and once the AC hypothesis is 
established as general solution for the SET assays, the following binary combination are 
valid: (1) two individual pure chemicals, and (2) an individual chemicals against a mixture of 
unknown chemicals (e.g. complex A extracts). In the first one, we would establish the effects 
of its combinatory response and possibly some conjectures of their mechanistic interaction 
could be drawn. In the second one, even if the combination of similar or dissimilar individual 
chemicals against A extracts, formed by mixture of agents, is at least controversial, we still 
would be able to determine general effects of its joint action. To our knowledge, no tools or 
hypothesis have been developed for testing mixtures of unknown compounds. However, we 
could treat the extracted residues as a mixture of compounds and test their collective joint 
action response as if their well-defined chemical agents.  
 
The responses to the binary joint interaction of pure antioxidants (BHT, ETX, TRO) and the 
mixture of A compounds from different chemicals (extracted residues), described in the 
Material and Methods section were used to exemplify the developed procedure. 
 







Figure 64: Parts A and B show the illustrative application of the model developed (Eq. [22]) to analyze the dose-effect of the 
antioxidant responses (standards and extracts) for the DPPH and ABTS assay, respectively. The dots () are the 
experimental data series and the lines the fittings. Part C shows the numerical values of the parameter vτ of Eq. [24] as 
assessment criteria. Parametric values of the fittings are presented in Table 46 and dose ranges in material and methods 
section. 
 
3.3. Application to assess and compare the potential antioxidant capacity as a function of a 
dose-response analysis  
 
The previous standardizations (Eq. [101]) and mathematical dose-response modeling (Eq. 
[22] and Eq. [24] changing the independent variable t by D as in previous sections) were 
applied to the standard antioxidants and extracts described in the material and methods 
section in both experimental reactions (DPPH and ABTS). Figure 64 (part A and B) shows 
the graphical analysis to all the standard antioxidants and extracts for the DPPH and ABTS 
assays, respectively. The dots () are the standardized values and the lines the fittings to Eq. 
[22] for all the tested agents. To simplify the comparison process for both reactions, the dose-




responses of extracts and the commercial antioxidants are expressed in µg of the compound. 
Regarding the AC of A extracts from Coffe and Tea samples, this shows a clear dose-time 
dependency for the two SET assays here tested. The fitting parameters, the parametric 
statistical estimations and correlation coefficients of determination are presented in Table 46. 
Finally, Figure 64 (part C) shows the numerical values of parameter vτ (Eq. [24]) as 
assessment criteria to compare their potential AC. 
 
º            
Table 46: Parametric estimations and statistic information of the kinetic series of the dose-responses of 
all antioxidant standards and extracts fitted to the kinetic Eq. [22], [24] and [28]. 
            
            
antioxidants 
dose-effect  parameters from Eq.[22] correlation additional parameters  
           
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
           
K τ α R2adj v   (Eq. (3)) n95% (Eq. (4)) 
            
%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%% 
            
DPPH ASSAY 
            
            
TRO 29.92 ±2.4 0.663 ±7.6 1.92 ±9.6 0.9997 30.39 ±9.1 1.16 
AA 29.64 ±1.6 0.806 ±19.2 3.14 ±7.6 0.9997 40.25 ±7.4 1.41 
PG 29.83 ±1.7 0.254 ±7.2 1.48 ±5.5 0.9991 60.81 ±5.3 0.45 
BHA 27.92 ±3.2 0.572 ±8.8 1.18 ±14.1 0.9985 20.37 ±12.3 1.00 
BHT 30.10 ±1.7 3.614 ±7.5 1.39 ±5.1 0.9985 4.65 ±5.0 6.32 
TBHQ 29.96 ±1.7 0.468 ±5.4 1.80 ±6.0 0.9998 40.41 ±5.8 0.82 
ETX 29.68 ±1.0 0.870 ±0.3 1.69 ±2.5 0.9995 20.70 ±2.5 1.52 
TOC 29.64 ±3.3 0.722 ±2.1 1.41 ±8.5 0.9994 20.31 ±8.7 1.26 
T 30.00 ±1.5 0.713 ±5.4 2.11 ±4.9 0.9997 30.77 ±4.5 1.25 
C 30.00 ±2.8 1.829 ±0.8 1.51 ±8.5 0.9995 8.59 ±8.2 3.20 
            
            
ABTS ASSAY 
            
            
TRO 14.73 ±3.8 0.158 ±1.0 1.39 ±7.5 0.9988 45.02 ±9.6 0.28 
AA 14.53 ±2.8 0.580 ±2.2 1.66 ±6.0 0.9997 14.38 ±6.6 1.02 
PG 15.93 ±3.3 0.097 ±1.1 1.63 ±5.1 0.9993 93.26 ±5.7 0.17 
BHA 15.00 ±9.1 0.124 ±0.8 1.26 ±9.2 0.9994 52.74 ±11.7 0.22 
BHT 15.02 ±6.5 0.481 ±0.5 0.92 ±6.8 0.9994 10.01 ±14.4 0.84 
TBHQ 15.00 ±3.2 0.050 ±2.5 0.87 ±8.2 0.9992 90.62 ±9.1 0.09 
ETX 15.16 ±2.2 0.157 ±9.1 1.73 ±6.7 0.9996 58.06 ±6.8 0.27 
TOC 15.01 ±1.8 0.688 ±8.0 2.67 ±3.1 0.9999 20.21 ±5.7 1.20 
T 15.03 ±0.9 0.246 ±5.0 2.42 ±2.6 0.9998 51.29 ±2.8 0.43 
C 14.98 ±2.2 0.451 ±8.2 1.58 ±6.8 0.9994 18.25 ±6.8 0.79 
            
            
K (nM radical reduced); τ (µg of A); v (averaged molecules of the reduced radical/µg of A) n95% (µg of A 
needed to reach the 95 % of the R). CI are showed in % of the parameter. 
            
            
 
In general, the quantity of A needed, to counteract the DPPH radicals is less than that needed 
to counteract the ABTS radical. The following order: 
 
-For DPPH the A potential would be as: PG > AA > TBHQ > T > TRO > BHA > ETX > TOC 
> C > BHT.  
-For ABTS the A potential would be as: PG > TBHQ > ETX > BHA > T > TRO > TOC > C > 
AA > BHT. 
 
Thus, the potential equivalent capacity can be computed easily and the following in vitro 
results can be concluded: 
 
-In DPPH environments, ~2 µg of T is equivalent to ~1 g of PG. 
-In ABTS environments, ~2.51 µg of C is equivalent to ~1 g of TRO. 
 
When the analyses are based on the vτ parameter, in some cases, the equivalent values are 
greater than some of the standard antioxidants.  
 
 







Figure 65: An illustrative procedure to obtain the RAU responses using the AA and TBHQ antioxidant combination in the 
DPPH reaction as an example. The final RUV value of such interaction was -4.94 %. 
 




3.4. Null, synergistic and antagonistic analysis of the joint effect of compounds 
 
3.4.1. Illustration of the methodological process 
 
The methodological procedure and the mathematical models proposed in the previous 
sections yielded consistent results when combining all the antioxidants listed in the Materials 
and Methods section for each of the massay. These results not only permitted to decide 
between the null interaction, synergy and antagonism, but also revealed some interesting 
aspects of the system reactions. To illustrate the methodological procedure of this approach, 
the joint action of AA and TBHQ on the reduction of the radical form of DPPH is now 
described in detail.  
 
Figure 65 (plot A) shows the application of the null interaction hypothesis of the joint action, 
described by adjusting the surface-response to Eq. [95]. By proceeding in this way, the R2adj 
values as well as the Student's t and Fisher's F test (both with =0.05) applied to the 
parametric estimations and to the explained variance, respectively, showed a statistically 
acceptable fit (Figure 65, part A). However, the distribution between the observed and 
predicted results was biased and the residuals showed that the computed response surface 
predicts higher values than those experimentally obtained, which suggests an antagonistic 
interaction. When we assume the interactive hypothesis (Figure 65, plot B), as described by 
Eq. [99], a decrease in the bias and an improvement in the other fitting criteria were obtained 
by accepting an increase in the m parameter of the response to TBHQ due to the presence of 
AA (increasing A potency: antagonistic in the strict sense). A further improvement could be 
obtained by accepting a similar drop in the K parameter (antagonism in the broad sense). All 
fitting criteria improved significantly when those antagonistic effects were included in 
comparison to those showed by assuming no interaction in Eq. [95]. Therefore, it must be 
concluded that the effect of the joint response to AA and TBHQ shows an antagonistic 
interaction. 
 
When a large set of data needs to be analyzed, the intuitive process of finding the most 
appropriate solution can be very laborious. To overcome this, we have developed a routine in 
excel in which all possible parameter combinations were tested to rank and select the most 
appropriate solution. The selection was identical to that intuitively found above, which 
demonstrates the reliability of both options for selecting the correct solution. However, 
because the automatic system is undoubtedly faster and more reliable, it was the procedure 
used to assess all subsequent pairs of tested antioxidants.  
 
Once the modeling of the experimental surface responses is determined, we could quantify the 
degree of interactive effect (% RUV). The variations in the parametric values of the response 
to an A as a function of the concentration of the other A (the structures of the perturbation 
terms) or the global approach of computing the RUV allow a brief and reasonable description 
of the interactive effects. The synergistic and antagonistic consequences can vary along the 
response surface, producing effects with opposite signs in different subdomains of the surface.  
 
Therefore, the datum of practical interest is the possible difference between the null 
interaction and the experimental result in a given domain. Only the "scenery" of these 
differences throughout the experimental domain allows effective and statistically founded 
statements. Figure 65 (plot C) presents the obtained % RUV data, first in two separated 2D 
graphs that show the response for the individual effects caused for each A, and then as the 
response and A doses presented in a single 3D graph. () 
 
3.4.2. Joint action between several pairs of antioxidant standards 





By using standard antioxidants, 36 combinations were performed for each SET assay, 
including those in which the pair of A is the same A (used simply as a control). Each pair of 
agents displays 64 concentration combinations in terms of its maximum potential capacity. 
All binary agent responses are subjected to the automatic stepwise regression analysis, which 
provides the information regarding the mode of interaction by applying Eq. [95] and Eq. [99], 
the CA hypothesis without and with interactions, respectively. The full analysis of all the 
possible combinations is presented (Table 48 and Table 49). For simplicity, only a 
representative set of 21 case combinations were chosen and presented in Figure 66 and Figure 
67. 
 
All the adjusted coefficients of determination R2adj of all fitting solutions were always greater 
than 0.97, with a wide majority of the fittings superior at 0.99. Some exceptional cases, if 
their behaviour is described and confirmed by other areas of study, may show some 
interesting concepts for the field of the interactive effects of compounds. 
 
3.4.3. Joint action of several pairs of natural compounds 
 
The interactive effects of the extracts from two A extracts (coffee and tea samples) were tested 
between them and versus the other commercial compounds. Figure 68 shows the matrix 
combination of 16 binary agents for each SET assay, including those in which the pair of A is 
the same A (used simply as a control). The modes of interaction, parametric estimations, CI 
and statistical information of best fitting results derived, for each of the binary combinations 
tested, are presented in Table 50. The adjusted coefficients of determination R2adj of all fitting 
solutions were always greater than 0.97, with a wide majority of the fittings superior at 0.99. 
To our knowledge, no tools or hypotheses have been developed for testing mixtures of 
compounds. Thus, we treat the extracted residues as a mixture of compounds. In any case, the 
responses to the binary joint interaction of commercial antioxidants and the mixture of A 
compounds from coffee and tea extracted residues, produced consistent results in all cases.  
 
Once the mode of interaction is identified, the quantification of the interactive effects is 
determined in terms of RUV by means of Eq. [100]. 
 
 










Figure 66: Matrix combination responses for the DPPH assay, which is organized as follows: a) the results obtained for the 
controls can be seen in the diagonal; b) in the top part of the diagonal the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part, the different “scenery” between their respective null interaction 
form and the obtained response is presented. Numerical results are in Table 47 and Table 48. 
 
 










Figure 67: Matrix combination responses for the ABTS assay, which is organized as follows: a) in the diagonal, the results 
obtained for the controls it can be seen; b) in the top part of the diagonal, the surface responses for each pair antioxidant 
combination is presented; and c) in the bottom diagonal part, the different “scenery” between their respective nu ll interaction 
form and the obtained response is presented. Numerical results are in Table 47 and Table 49. 
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Figure 68: Matrix combination responses for the natural antioxidant extracts (coffee and tea samples) against standard 
antioxidants in the DPPH and ABTS reactions. Surfaces response graphs for each case are shown: one belongs to the results 
obtained for the joint response and the other to the different “scenery” between their respective null interaction form and the 
obtained response. Numerical results are in Table 47 and Table 50. 
 








Figure 69: Reproducibility of the methodological procedure and limit of confidence for the % RUV results. Note that the range 
of axis z is six times lower than those presented in Figure 66, Figure 67 and Figure 68. 
 





3.5. Reproducibility of the methodology and limit of confidence of determination 
 
The reproducibility and limit of confidence of the methodological procedure was tested by 
analyzing all the standard antioxidants several times and determining the confidence interval 
of the % RUV result response for each SET assay. The results can be observed in Figure 69. 
For the ABTS assay, the global interval of confidence was ± 1.95 %, while for the DPPH 
reaction it was ± 2.01 %. As general rule, for both assays, it can be established that any % 
RUV value between -2.00 to 2.00 % cannot be considered as statistically consistent. 
Therefore, based on this limit of confidence for the RUV values obtained, the statistically 
consistent responses determined from the mixtures tested, are display in Table 47.  
 
            
Table 47: Effect of the combination of 45 different pairs of standard antioxidants and extracts for each 
SET reaction. For those cases where each sample is combined with itself, the results are used simply 
as a control. For each statistically consistent case the resulting RUV values are presented (ns if RUV < 
2.0 %, see text for more details). The concentration ranges used for each case are shown in µg for the 
final reaction volume of the reaction (300 µL). 
            
            
A: DPPH REACTION 
            
            
  TRO AA PG BHA BHT TBHQ ETX TOC T C 
0.00-1.25 g TRO NI ns ns ns ns ns ns ns ns 2.84 
0.00-1.50 g AA -- NI ns ns ns -4.94 ns -2.37 ns ns 
0.00-0.50 g PG -- -- NI ns ns ns ns ns ns ns 
0.00-1.00 g BHA -- -- -- NI ns ns -3.21 -2.31 ns ns 
0.00-6.25 g BHT -- -- -- -- NI ns ns ns ns 4.17 
0.00-1.00 g TBHQ -- -- -- -- -- NI ns ns 6.01 ns 
0.00-1.50 g ETX -- -- -- -- -- -- NI ns 2.79 3.16 
0.00-1.25 g TOC -- -- -- -- -- -- -- NI ns ns 
0.00-1.25 g T -- -- -- -- -- -- -- -- NI ns 
0.00-3.25 g C -- -- -- -- -- -- -- -- -- NI 
            
            
A: ABTS REACTION 
            
            
  TRO AA PG BHA BHT TBHQ ETX TOC T C 
0.00-0.30 g TRO NI -7.57 ns -2.17 ns ns -2.76 ns ns ns 
0.00-1.00 g AA -- NI -8.10 -10.16 ns -19.55 -9.52 -6.00 ns ns 
0.00-0.20 g PG -- -- NI ns ns ns ns ns -3.27 ns 
0.00-0.25 g BHA -- -- -- NI ns ns -2.35 -2.27 ns ns 
0.00-1.00 g BHT -- -- -- -- NI 3.26 ns ns 2.05 ns 
0.00-0.10 g TBHQ -- -- -- -- -- NI ns 2.29 ns ns 
0.00-0.30 g ETX -- -- -- -- -- -- NI ns ns ns 
0.00-1.25 g TOC -- -- -- -- -- -- -- NI ns ns 
0.00-0.50 g T -- -- -- -- -- -- -- -- NI ns 
0.00-1.00 g C -- -- -- -- -- -- -- -- -- NI 
            
            
NI: Null interaction, ns: non statistically significant RUV result. 
            
            
 
In terms of the type of interactions (synergistic/antagonistic/null interaction) for the DPPH 
assay: Four cases were found with significant antagonistic responses, the TBHQ vs AA, BHA 
vs ETX, TOC vs AA and BHA vs TOC. Other five cases were found with significant 
synergistic interactions (ETX vs T, TBHQ vs T, TRO vs C, BHT vs C and ETX vs C). Notable 
was that all the antagonistic significant interactions were between individual chemical 
entities, while all significant synergistic interactions were between the individual chemical 
entities and the complex mixtures of antioxidants from the extracted residues. For the ABTS 
assay: Ten cases were found with significant antagonistic responses, while only two were 
found with significant synergistic interactions. All other binary mixtures did not produce 
significant lower or higher responses than expected (null interaction). However, there were a 




few cases in which their synergistic/antagonistic effects, in both reactions, were within ± 2.0 
% of limit of confidence, whereby the interactive hypothesis could possibly be admitted, due 
to the behaviour of the response surface difference, and a deeper analysis must be carried out 
to confirm, whether or not there is an interaction.  
 
Synergy and antagonism are controversial characteristic behaviors of very diverse systems. 
Despite their importance, the common characterization of these phenomena in the context of 
the A action is often questionable due to some problematic definitions and the type of data 
used. In this part, a methodological procedure has been developed for the joint action of 
several pairs of antioxidants, which enables the determination and quantification of the 
synergistic and antagonistic interactive effects. Well-established ideas from different existing 
fields are used to replace the current simplistic procedures to quantify the effects of joint 
responses. One of the common hypothesis for describing the combinatory effects is 
established for SET assays. A dose dependent mathematical model representative of that 
hypothesis, based on probability functions with meaningful parameters, is applied. The 
interactive effects between antioxidants are introduced into the model with simple auxiliary 
functions that describe the variations induced by each A in the parameters that define the 
effects of the other. Finally, a comprehensive index to summarize the complex parametric 
responses in one single value is proposed. Although the approach was experimentally 
demonstrated just in two classical SET assays (DPPH and ABTS), the results are directly 
expandable to other types of classical SET assays. Statistically consistent responses of null, 
synergy and antagonism effects were found when characterizing the interactions between 
several pairs of individual and complex mixtures of chemical A agents.  
 
Two types of A samples, chemical individual entities and complex mixtures, covering as 
much as possible the range of possible responses, were used to test the rapid methodology 
here proposed. The results shows that the AC of the extracts was more similar compared to 
some of the commercial standards in terms of potential maximum capacity, while others 
showed lower values. The proposed generalized procedures for the joint action of several 
well-known antioxidants produced consistent results in all cases.  
 
Afterwards, we determined and quantified the null/synergistic/antagonistic interactions 
between binary combinations of those types of antioxidants, using the developed 
methodological procedure. Therefore, in the assessment of the possible interactive effects in 
binary mixtures of antioxidants, the new procedure represents a powerful informative tool, 
and effectively designed for defining the basic characteristics to reveal, in a simplistic form, 
the important aspects of very complex responses. Unfortunately, the proposed approach is a 
little more complex than some relative common solutions appearing in the bibliography. 
However, we believe that it is free of the most controversial aspects of such solutions. 
 






Table 48: Parametric values of the joint action between different standard antioxidants in the DPPH reaction by fitting the experimental results to Eq. [95] 
(assuming no interactions) and Eq. [99] (assuming interactive mechanisms). The degree of interactive effect (% RUV) is computed as described in Eq. [100]. 





ASSUMING NO INTERACTIONS  ASSUMING INTERACTIONS  
degree of 









eff. conc. of 
A2 
A2 altering 
eff. conc. of 
A1 
A1 as perturbing factor 
for params. of the joint 
response 
A2 as perturbing factor 





A1 A2 K m α p R2adj  K m α p bD2 cD2 bD1 cD1 bk2 ck2 bm2 cm2 bk1 ck1 bm1 cm1 R2adj  % RUV 
 
 
TRO TRO 1.000 0.176 1.721 0.983 0.9892  1.000 0.176 1.721 0.983 -- -- -- -- -- -- -- -- -- -- -- -- 0.9892  0.00 
TRO AA 0.999 0.206 2.058 1.012 0.9793  0.992 0.272 1.703 0.795 -- -- -- -- -- -- 3.106 -- -- -- 9.648 -- 0.9957  -1.43 
TRO PG 0.999 0.293 1.572 1.492 0.9756  0.985 0.395 1.155 0.535 -- -- -- -- -- -- 11.209 -- -- -- -- -- 0.9896  0.33 
TRO BHA 0.938 0.102 1.628 0.541 0.8951   0.899 0.102 1.257 0.423 -- -- -- 0.129 -- -0.990 -- -- -- -- 29.614 -- 0.9802   0.49 
TRO BHT 0.979 0.229 1.813 1.157 0.9886  0.994 0.233 1.694 0.888 -- -- -- -- -- -0.990 -- -- -- -- 2.487 -0.024 0.9965  -0.41 
TRO TBHQ 0.980 0.215 1.953 0.958 0.9851  0.987 0.216 1.589 0.721 -- -0.889 -- -- -- -0.990 -- -- -- -- -- -- 0.9925  0.09 
TRO ETX 1.000 0.333 1.765 1.652 0.9800  0.994 0.451 1.509 1.680 -- -- -- -- -- -0.990 -- -- -- -- 2.073 -- 0.9938  -1.71 
TRO TOC 1.000 0.203 2.589 0.928 0.9916  0.997 0.208 2.571 0.747 -- -- -- -- -- -0.990 -- -- -- -- 3.715 -- 0.9980  -0.74 
AA AA 0.984 0.201 1.935 0.926 0.9848  0.984 0.201 1.935 0.926 -- -- -- -- -- -- -- -- -- -- -- -- 0.9848  0.00 
AA PG 0.951 0.115 1.959 0.529 0.9181   0.991 0.101 1.650 0.318 -- -- 4.334 -- -- -0.990 -- -- -- -- -- -- 0.9893   -0.39 
AA BHA 0.973 0.239 2.205 1.074 0.9742  0.962 0.238 2.237 0.809 -- -- 4.381 -- -0.032 -0.990 -- -- -- -- -- -- 0.9938  -0.63 
AA BHT 0.973 0.227 1.864 1.019 0.9658  0.975 0.226 1.704 0.745 -- -- 7.994 -- -- -0.990 -- -- -- -- -0.990 -- 0.9911  -1.27 
AA TBHQ 0.999 0.333 2.185 1.321 0.9224  0.998 0.330 2.194 0.810 -- -- 6.337 -- -- -0.990 -- -- -- -- -- -- 0.9835  -4.94 
AA ETX 1.000 0.164 1.349 0.848 0.9849  0.991 0.209 1.182 0.834 -- -- 2.802 -- -- -0.990 -- -- -- -- -- -- 0.9958  -1.01 
AA TOC 0.970 0.106 1.281 0.544 0.9576   0.969 0.104 1.098 0.387 -- -- 2.280 -- -- -0.990 -- -- -- -- 5.605 -- 0.9913   -2.37 
PG PG 0.981 0.253 1.675 1.074 0.9910  0.981 0.253 1.675 1.074 -- -- -- -- -- -- -- -- -- -- -- -- 0.9910  0.00 
PG BHA 1.000 0.209 1.368 1.009 0.9870  0.989 0.279 1.105 0.942 -- -- -- -- -- -0.990 -- -- -- -- -- -- 0.9939  -0.66 
PG BHT 1.000 0.410 1.795 1.828 0.9546  0.996 0.902 1.477 4.531 -- -- -- -- -- -- -- -- -- -0.990 -- -- 0.9766  -1.83 
PG TBHQ 0.983 0.101 1.120 0.890 0.9792   0.979 0.100 1.252 1.016 -- -- 3.134 -- -- 0.940 -- -- -- -- -- -- 0.9876   -3.29 
PG ETX 0.945 0.214 1.508 1.952 0.9507   0.983 0.307 1.378 3.577 -- -- -- -- -- 2.607 -- -- -- -- 2.110 -- 0.9917   -0.78 
PG TOC 0.957 0.181 1.381 1.616 0.9664   0.975 0.227 1.322 2.555 -- -- 11.276 -- -- 2.092 -- -- -- -- -- -- 0.9928   -0.42 
BHA BHA 0.944 0.291 1.457 2.521 0.9814   0.944 0.291 1.457 2.521 -- -- -- -- -- -- -- -- -- -- -- -- 0.9814   0.00 
BHA BHT 1.000 0.200 1.624 0.905 0.9886  0.990 0.264 1.323 0.930 -- -- 1.955 -- -- -0.990 -- -- -- -- -- -- 0.9956  -1.19 
BHA TBHQ 1.000 0.200 1.624 0.905 0.9886  0.990 0.264 1.323 0.930 -- -- 1.955 -- -- -0.990 -- -- -- -- -- -- 0.9956  -1.19 
BHA ETX 1.000 0.337 1.770 1.343 0.9789  0.978 0.542 1.361 1.685 -- -- 4.429 -- -- -0.990 -- -- -- -- -- -- 0.9894  -3.21 
BHA TOC 1.000 0.187 1.478 0.826 0.9868  0.985 0.237 1.203 0.839 -- -- 3.456 -- -- -0.767 -- -- -- -- -- -- 0.9960  -2.31 
BHT BHT 1.000 0.310 1.510 1.211 0.9888  1.000 0.310 1.510 0.9888 -- -- -- -- -- -- -- -- -- -- -- -- 0.9932  0.00 
BHT TBHQ 1.000 0.349 1.690 0.973 0.9933  0.979 0.577 1.133 0.947 -- -- -0.740 -- -- -0.990 -- -- -- -- -- -- 0.9981  -0.58 
BHT ETX 1.000 0.176 1.721 0.983 0.9892  0.998 0.219 1.394 0.854 -- -- 5.176 -- -- -- 2.397 -- -- -- -- -- 0.9981  -0.69 
BHT TOC 0.999 0.206 2.058 1.012 0.9793  0.992 0.272 1.703 0.795 -- -- -- -- -- -- 3.106 -- -- -- 9.648 -- 0.9957  -1.43 
TBHQ TBHQ 0.999 0.293 1.572 1.492 0.9756  0.999 0.293 1.572 1.492 -- -- -- -- -- -- -- -- -- -- -- -- 0.9756  0.00 
TBHQ ETX 0.938 0.102 1.628 0.541 0.8951   0.899 0.102 1.257 0.423 -- -- -- 0.129 -- -0.990 -- -- -- -- 29.614 -- 0.9802   0.49 
TBHQ TOC 0.979 0.229 1.813 1.157 0.9886  0.994 0.233 1.694 0.888 -- -- -- -- -- -0.990 -- -- -- -- 2.487 -0.024 0.9965  -0.41 
ETX ETX 0.980 0.215 1.953 0.958 0.9851  0.980 0.215 1.953 0.958 -- -- -- -- -- -- -- -- -- -- -- -- 0.9925  0.00 
ETX TOC 1.000 0.333 1.765 1.652 0.9800  0.994 0.451 1.509 1.680 -- -- -- -- -- -0.990 -- -- -- -- 2.073 -- 0.9800  -1.71 










Table 49: Parametric values of the joint action between different standard antioxidants in the ABTS reaction by fitting the experimental results to Eq. [95] 
(assuming no interactions) and Eq. [99] (assuming interactive mechanisms). The degree of interactive effect (% RUV) is computed as described in Eq. [100]. 





ASSUMING NO INTERACTIONS  ASSUMING INTERACTIONS  
degree of 









eff. conc. of 
A2 
A2 altering 
eff. conc. of 
A1 
A1 as perturbing factor 
for params. of the joint 
response 
A2 as perturbing factor 





A1 A2 K m α p R2adj  K m α p bD2 cD2 bD1 cD1 bk2 ck2 bm2 cm2 bk1 ck1 bm1 cm1 R2adj  % RUV 
 
 
TRO TRO 1.000 0.673 2.176 0.917 0.9876  1.000 0.673 2.176 0.917 -- -- -- -- -- -- -- -- -- -- -- -- 0.9876  0.00 
TRO AA 1.000 0.663 2.956 0.924 0.9559  1.000 2.492 1.526 1.912 -- -- -- -- -- -0.559 -- -- -- -- -- -- 0.9791  -7.57 
TRO PG 1.000 0.404 1.908 0.583 0.9888  0.997 0.772 1.119 0.522 -- -- -0.681 -- -- -0.673 -- -- -- -- -- -- 0.9965  1.56 
TRO BHA 1.000 0.519 1.833 0.862 0.9703  0.999 1.105 0.982 0.677 -- -- -- -- -- -0.814 -- -- -- -- -0.765 -- 0.9900  -2.17 
TRO BHT 0.955 0.216 1.890 0.353 0.9464  0.996 0.225 1.273 0.218 -- -- 6.844 -- -- -0.549 -- -- -- 6.017 -- -- 0.9878  -1.98 
TRO TBHQ 1.000 0.622 1.971 1.052 0.9852  1.000 1.366 1.028 0.616 -- -- -- -- -- -0.708 1.454 -- -- -- -- -- 0.9963  -0.44 
TRO ETX 0.988 0.231 1.798 0.411 0.9669  0.995 0.630 1.024 0.450 -- -- 3.303 -- -- -0.841 -- -- -- -- -- -- 0.9919  -2.76 
TRO TOC 1.000 0.439 1.884 0.759 0.9837  0.971 1.942 0.844 1.307 -- -- -- -- -- -0.914 -- -- -- -- -- -- 0.9923  -1.31 
AA AA 1.000 0.652 7.156 1.047 0.9810  1.000 0.652 7.156 1.047 -- -- -- -- -- -- -- -- -- -- -- -- 0.9810  0.00 
AA PG 1.000 0.429 3.207 0.712 0.9426  1.000 0.477 1.687 0.254 -- -- 1.988 -- -- -0.990 -- -- -- -- -- -- 0.9967  -8.10 
AA BHA 1.000 0.601 2.997 0.870 0.9356  0.999 1.008 1.510 0.456 -- -- 1.792 -- -- -0.990 -- -- -- -- -- -- 0.9868  -10.16 
AA BHT 1.000 0.363 1.364 0.407 0.8657  1.000 0.328 1.162 0.191 -- -- 1.392 -- -- -0.781 -- -- -- -- -- -- 0.9233  0.81 
AA TBHQ 1.000 0.643 2.939 0.935 0.8978  1.000 1.215 1.188 0.400 -- -0.990 -- -- -- -0.990 -- -- -- -- -- -- 0.9897  -19.55 
AA ETX 0.982 0.287 2.956 0.420 0.9068  0.982 0.387 1.275 0.124 -- -- 2.711 -- -- -0.990 -- -- -- -- -- -- 0.9899  -9.52 
AA TOC 0.961 0.424 2.463 0.649 0.9283  1.000 0.396 1.467 0.145 -- -- 1.515 -- -- -0.990 -- -- -- -- -- -- 0.9866  -6.00 
PG PG 1.000 0.384 1.876 0.999 0.9935  1.000 0.384 1.876 0.999 -- -- -- -- -- -- -- -- -- -- -- -- 0.9935  0.00 
PG BHA 1.000 0.559 2.170 1.412 0.9765  0.999 1.510 1.121 2.202 -- -- -0.990 -- -- -0.990 -- -- -- -- -- -- 0.9886  -0.83 
PG BHT 1.000 0.267 1.406 0.816 0.9800  0.983 0.312 1.048 0.554 -- 3.272 -- -- -- -0.990 -- -- -- -- -- -- 0.9944  1.65 
PG TBHQ 1.000 0.598 1.681 1.775 0.9822  0.991 1.220 1.016 2.209 -- 2.340 -- -- -- -0.990 -- -- -- -- -- -- 0.9890  0.94 
PG ETX 1.000 0.245 1.562 0.769 0.9850  0.996 0.643 1.118 1.302 -- -- 3.917 -- -- -0.866 -- -- -- -- -- -- 0.9944  -0.22 
PG TOC 1.000 0.432 1.695 1.296 0.9929  0.916 0.684 1.159 1.461 -- -- -- 0.084 -- -0.969 -- -- -- -- -- -- 0.9974  -1.70 
BHA BHA 1.000 0.559 2.283 0.995 0.9921  1.000 0.559 2.283 0.995 -- -- -- -- -- -- -- -- -- -- -- -- 0.9921  0.00 
BHA BHT 1.000 0.321 1.420 0.668 0.9433  0.987 0.632 0.716 0.556 -- -- -0.990 -- -- -0.990 -- -- -- -- -- -- 0.9825  -0.65 
BHA TBHQ 1.000 0.625 1.892 1.229 0.9839  1.000 1.461 0.990 1.311 -- -- -- -- -- -0.881 -- -- -- -- -0.731 -- 0.9962  0.24 
BHA ETX 1.000 0.250 1.765 0.494 0.9747  0.994 0.847 1.117 0.798 -- -- 5.543 -- -- -0.830 -- -- -- -- -- -- 0.9946  -2.35 
BHA TOC 1.000 0.356 1.506 0.764 0.9620  0.968 0.639 0.961 0.536 -- -- -0.685 -- -- -0.990 -- -- -- -- -- -- 0.9844  -2.27 
BHT BHT 1.000 0.263 1.212 0.936 0.9832  1.000 0.263 1.212 0.936 -- -- -- -- -- -- -- -- -- -- -- -- 0.9832  0.00 
BHT TBHQ 1.000 0.634 1.152 2.260 0.9565  0.978 1.640 0.778 3.637 -- -- -- -- -- -0.990 -- -- -- -- -0.632 -- 0.9821  3.26 
BHT ETX 1.000 0.271 1.403 0.832 0.9767  0.999 0.464 1.267 1.477 -- -- -- -- -- -- -- -- -- -- -- -- 0.9884  0.66 
BHT TOC 1.000 0.351 1.127 1.236 0.9392  0.994 0.753 0.797 1.383 -- -- -- -- -- -0.990 -- -- -- -- -- -- 0.9720  0.11 
TBHQ TBHQ 1.000 0.624 2.058 0.996 0.9847  1.000 0.624 2.058 0.996 -- -- -- -- -- -- -- -- -- -- -- -- 0.9847  0.00 
TBHQ ETX 1.000 0.296 1.953 0.477 0.9867  0.991 0.988 1.052 0.669 -- -- -- -- -- -0.804 -- -- -- -- -- -- 0.9969  -1.01 
TBHQ TOC 1.000 0.416 1.844 0.711 0.9768  1.000 0.722 0.867 0.564 -- -- -0.920 -- -- -0.831 -- -- -- -- -- -- 0.9857  2.29 
ETX ETX 1.000 0.220 1.561 0.990 0.9764  0.998 0.346 1.379 1.156 -- -- -- -- -- -0.990 -- -- -- -- -- -- 0.9865  0.09 
ETX TOC 1.000 0.413 1.592 1.632 0.9801  0.939 0.642 1.358 1.731 -- -- -- 0.068 -- -0.990 -- -- -- -- -- -- 0.9928  -1.61 









Table 50: Parametric values of the joint action of different standard antioxidants against two natural extracts (T and C) in the DPPH and ABTS reaction by 
fitting the experimental results to Eq. [95] (assuming no interactions) and Eq. [99] (assuming interactive mechanisms). The degree of interactive effect (% 
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A2 altering 
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for params. of the joint 
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A2 as perturbing factor 





A1 A2 K m α p R2adj  K m α p bD2 cD2 bD1 cD1 bk2 ck2 bm2 cm2 bk1 ck1 bm1 cm1 R2adj  % RUV 
 
 
RESPONSES FOR THE DPPH REACTION 
 
 
TRO C 0.978 0.303 1.833 0.959 0.9915  0.992 0.271 1.873 0.883 -- -- -0.990 -- -- -- -- -- -- -- -- -- 0.9968  2.84 
AA C 0.999 0.361 2.267 1.009 0.9934  0.987 0.477 1.742 1.025 -- -- -0.990 -- -- -0.707 -- -- -- -- -- -- 0.9975  0.48 
PG C 0.995 0.279 1.566 0.990 0.9920  0.993 0.281 1.426 0.893 -- -- -- -- -- -- 0.715 -- -- -- -- -- 0.9949  0.44 
BHA C 1.000 0.262 1.311 0.945 0.9913  0.996 0.272 1.347 1.022 -- -- -0.990 -- -- -- -- -- -- -- -- -- 0.9953  1.84 
BHT C 0.961 0.312 1.610 0.970 0.9864  0.985 0.333 1.461 1.002 -- -- -- -- -- -- -- -- -- -- -0.990 -- 0.9932  4.17 
TBHQ C 1.000 0.289 1.638 0.963 0.9886  0.993 0.325 1.587 1.010 -- -- -- -- -- -- -- -- -- -- -0.954 -- 0.9941  0.70 
ETX C 0.985 0.292 1.676 0.981 0.9826  0.990 0.908 1.013 0.927 -- -- -- -- -- -- 7.939 -- -- -- -- -- 0.9950  3.16 
TOC C 0.991 0.349 2.066 1.057 0.9976  0.989 0.680 1.311 0.957 -- -- -- -- -- -- 3.519 -- -- -- 2.498 -- 0.9978  0.11 
TRO T 1.000 0.328 2.065 1.022 0.9686  0.990 0.313 1.753 0.098 -- -- 8.059 -- -- -- 24.824 -- -- -- -- -- 0.9938  1.88 
AA T 0.998 0.359 2.646 1.024 0.9954  0.991 0.353 2.465 1.032 -- -- 4.841 -- -- -- -- -- -- 1.854 -- -- 0.9985  -1.36 
PG T 0.984 0.280 1.837 1.032 0.9947  0.989 0.282 1.776 1.127 -- -- 5.208 -- -- -- -0.210 -- -- 1.792 -- -- 0.9978  -0.30 
BHA T 0.991 0.259 1.741 0.988 0.9904  0.994 0.248 1.724 0.950 -- -- -- -- -- -- -- -- -- 2.046 -- -- 0.9964  1.64 
BHT T 0.991 0.259 1.741 0.988 0.9904  0.994 0.248 1.724 0.950 -- -- -- -- -- -- -- -- -- 2.046 -- -- 0.9964  1.64 
TBHQ T 0.955 0.302 1.729 0.953 0.9816  0.991 0.269 1.784 0.780 -- -- -- -- -- -- -- -- -- 1.934 -0.990 -- 0.9953  6.01 
ETX T 0.982 0.284 1.971 0.958 0.9820  0.991 0.628 1.241 0.525 -- -- -- -- -- -- 9.187 -- -- -- -- -- 0.9954  2.79 
TOC T 0.993 0.271 1.715 0.997 0.9912  0.994 0.281 1.781 1.082 -- -- -0.990 -- -- -- -- -- -- -- -- -- 0.9960  1.32 
 
 
RESPONSES FOR THE ABTS REACTION 
 
 
TRO C 1.000 0.281 1.492 0.992 0.9940  0.994 0.275 1.546 0.946 -- -- -- -- -- -- -- -- -- -- -0.491 -- 0.9953  0.44 
AA C 1.000 0.313 1.658 1.023 0.9958  1.000 0.313 1.658 1.023 -- -- -- -- -- -- -- -- -- -- -- -- 0.9958  0.00 
PG C 1.000 0.335 1.582 0.958 0.9886  0.983 0.273 1.639 0.778 -- -- 4.550 -- -- -- -- -- -- 2.442 -- -- 0.9935  -2.11 
BHA C 1.000 0.318 1.424 1.036 0.9939  1.000 0.318 1.424 1.036 -- -- -- -- -- -- -- -- -- -- -- -- 0.9939  0.00 
BHT C 1.000 0.286 1.376 1.034 0.9913  0.958 0.284 1.429 1.006 -- -- -- -- -- -- -- -- -- -- -- -- 0.9924  -2.26 
TBHQ C 1.000 0.206 1.070 1.010 0.9787  1.000 0.206 1.070 1.010 -- -- -- -- -- -- -- -- -- -- -- -- 0.9787  0.00 
ETX C 0.974 0.263 1.696 0.967 0.9950  0.994 0.247 1.828 0.918 -- -- -- -- -- -0.799 -0.866 -- -- -- -- -- 0.9958  1.47 
TOC C 0.991 0.349 2.066 1.057 0.9976  0.989 0.680 1.311 0.957 -- -- -- -- -- -- 3.519 -- -- -- 2.498 -- 0.9978  0.11 
TRO T 0.995 0.268 1.684 1.017 0.9951  0.988 0.477 1.207 1.017 -- -- -- -- -- -- 2.733 -- -- -- 3.237 -- 0.9972  -0.98 
AA T 0.983 0.289 1.874 0.986 0.9965  0.979 0.292 1.927 1.007 -- -- -- -- -- -- -- -- -- -- -0.483 0.019 0.9972  1.12 
PG T 0.993 0.331 1.861 0.995 0.9945  0.981 0.325 1.810 0.983 -- 1.721 -- -- -- -- -- -- -- -- 4.163 -- 0.9963  -1.75 
BHA T 0.956 0.306 1.762 1.044 0.9900  0.929 0.263 1.954 1.065 -- -- -- 0.102 -- -- -0.512 -- -- -- -- -- 0.9955  0.18 
BHT T 0.991 0.259 1.741 0.988 0.9904  0.994 0.248 1.724 0.950 -- -- -- -- -- -- -- -- -- 2.046 -- -- 0.9964  1.64 
TBHQ T 0.990 0.221 1.324 1.015 0.9945  0.965 0.298 1.091 1.192 -- -- -- 0.038 -- -0.537 -- -- -- -- -- -- 0.9968  0.14 
ETX T 1.000 0.270 1.899 1.012 0.9976  0.993 0.268 1.962 1.000 -- -- 2.668 -- -- -- -- -- -- 1.745 -- -- 0.9980  -0.52 
TOC T 0.991 0.337 2.480 0.982 0.9978  0.990 0.332 2.420 0.977 -- -- 1.644 -- -- -- -- -- -- 1.111 -- -- 0.9979  -0.09 
 
 









The reduction to study the dose-response at one single-time and expect to find linear forms 
(as described by the non-kinetic approaches) frequently leads to unreliable results and 
misinterpretations. The preference for apparently simple assays, routinely applicable with 
minimal calculation requirements, is not very justifiable today, given the availability of 
computational applications and microplate readers, whose combination provides adequate 
tools to work with data sets that allow accurate evaluations enabled by the non-linear 
modeling. In this document, we provided evidences that demonstrate the inadequate 
evaluation and quantification of the responses that focus on analyzing the results at a fixed 
time avoiding the kinetic perspective. This results show the needs to apply a dose-time-
dependent model to quantify the AC. Otherwise the response will always be poorly described. 
Those facts could be extended generally to almost all oxidative response methods. The low 
reproducibility, the inability to establish useful comparisons and the need for knowing the 
effects of the state variables, with the aim of achieving standardized methods which can be 
generalized to any oxidation-modifying agent, are repeatedly identified problems in 
connection to the assessment of the AC. These problems, multiplied by the diversity of 
methods arising from the interest in this field, make the current situation chaotic 4,14,17,23–26. 
The formal treatment of the experimental data is, without doubt, the most basic issue, since it 
is the only way to quantify the response and to control any affecting variable that should be 
considered. In this regard, linear models are very simple, but very unsatisfactory. In contrast, 
the use of rate equations and mass balances provides unquestionable kinetic descriptions, 
however, it does not solve the problem, because it does not directly provide characterizing 
values of practical interest. Furthermore, the absence of explicit analytical solutions makes the 
calculation prolix. 
 
To overcome this situation we have contributed in: 
 
(1) Developing a mathematical formal model which represents an intermediate option 
whose reliability and versatility, we believe, was demonstrated enabling: 1) to describe, 
with precision, the different modalities of the sigmoidal kinetics detected in the Cr 
reaction as affected by OM of different nature and behaviour; 2) to obtain, in a 
reproducible and statistically significant way, parametric structures that characterized 
these modifying activities in a more practical, accurate and detailed mode than the usual 
ones; 3) to incorporate consistently, if necessary, the effects of the state and composition 




variables that act on and or alter the process and; 4) to infer some mechanistic details 
with a concrete hypothesis which can be verified by complementary methods.  
 
(2) Using the developed formal mathematical model to examine the kinetic dose-responses, 
we have re-evaluated the effects of these factors and developed a highly reproducible 
procedure for the βBA and for the CBA. 
 
(3) Reported a new combined procedure for microplate readers, called the Carotene 
Combined Bleaching (CCB) assay, to assess the A and P capacity in lipophilic and 
hydrophilic environments in one single procedure. Therefore, in the assessment of any 
complex matrix containing an OM, the new combined procedure represents a powerful 
informative tool defining the basic characteristics and compound capacity in two equal, 
but different systems in which the polar properties can be effectively revealed. The new 
combined microplate method of Cr and βC bleaching reactions in one single assay 
facilitates a less expensive procedure which is also less time consuming.  
 
(4) The formal model developed was applied to an antioxidant biological assay based on 
studying the behaviour of the erythrocyte population in an oxidized environment 
(OxHLIA). Despite the existence of very rigorous results about the kinetics and the 
factors affecting the reproducibility of the methods, for some reasons, the quantification 
of the results has been left as it was postulated originally. Therefore, a more efficient 
way to determine total A capacities than the simple approach to study the dose-response 
in a two steps procedure is presented. In addition, bivariate analysis taking into account 
the time and other effectors were successfully modeled in similar principles than those 
used for A responses. 
 
(5) The formal model was modified to describe metabolic dynamics of LDL particles in the 
LDL copper-induced oxidation assay. We believe that a complete formal description of 
their peculiar kinetic profile can constitute a useful tool to investigate in depth other 
aspects of this phenomenon, starting from an unambiguous basis. In conclusion, this 
approach offers a robust quantification alternative to investigate the oxidation of LDL 
induced by copper. The criteria could be valid for: (1) in vitro routine oxidation method 
when testing the capacity anti- and pro-oxidant compounds; (2) clinical studies for many 
different purposes (testing drugs, natural antioxidants, different diet habits, etc.); or (3) a 
tool for defining the risk of oxidative stress-related diseases in patients to monitor their 
clinical condition and in healthy individuals to prevent and predict major complications. 
 
(6) The problems of using linear quantification procedures for the area under the curve 
assessment criteria avoiding non-linear considerations are discussed in detail and a 
model is proposed for quantifying simultaneously anti- and pro-oxidant activities. 
Meaningful criteria for the comparative characterization of any oxidation modifier, 
taking into account the dose-time-dependent behavior are provided. The two 
characterizing parameters (Pm and vτ) will vary in the presence of any M agent and, 
given their well-defined factual meanings regarding the oxidation, their combination 
have relevant meanings. Its application is simple, it provides parametric estimates which 
characterize the response, and it facilitates rigorous comparisons among the effects of 
different compounds and experimental approaches. Also, it enables the inclusion, if 
necessary, of environmental variables that modify the process, as well as the inference 
of mechanistic details that can be verified by other methods.  
 
(7) A simple non-linear dose-time tool to test the effectiveness of compounds for 
competitive assays is presented, called as the bell protection function. We have clearly 




demonstrated the capabilities of the model to discern the effects of several commercial 
agents providing useful information in the study of complex reactions containing 
components with variable degrees of OM capacity.  
 
(8) We have provided explicit algebraic equations able to describe accurately, classify 
different modalities of synergy and antagonism. Synergy and antagonism are 
controversial characteristic behaviors of very diverse systems. Two basic types of null 
interaction are conventional considered in the dose-response field, IA and CA 
hypotheses. The proposed approach solves some recalcitrant and controversial aspects 
of these concepts, as well as the necessary distinction between the factual and formal 
sides of these phenomena, and it exposes several types of theoretical reasons that 
explain the abundance of experimental results that are inconclusive in the IA-CA 
framework.  
 
(9) A single numerical value that summarizes the nature and the intensity of the synergistic 
or antagonistic interactions is proposed. Clearly could help and become a useful index in 
different scientific fields.  
 
(10) Finally, methodological procedures have been developed for the joint action of several 
pairs of antioxidants in both aqueous and lipid emulsions, for HAT and SET type of 
assays which enables the determination and quantification of the synergistic and 
antagonistic interactive effects.  
 
The complexity of the topic of antioxidants and pro-oxidants plus the confusion introduced by 
improper use of questionable methods leads to the disarray of the antioxidant research 
community and industry. In this document, quantification systems are developed for testing 
the extension of different system reactions. The model parameters obtained were used to 
compare, identify complex trends and analyze the system response, providing a complete 
information about behavior in a more efficient way.  
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ACRONYMS AND ABBREVIATIONS 
 
 







 AC Antioxidant capacity. 
 OM Oxidation modifiers (anti- or pro-oxidant). 
 βC β-carotene. 
 Cr Crocin. 
 T Temperature. 
 A Antioxidant. 
 P Pro-oxidant. 
 t Time. 
 C Control of a reaction in the absence of a sample. 
 
R Any response is normalized as a function of the maximum response that can 
be achieved [0,1] format, unless otherwise indicated. 
 IA  Independent Action. 






 Af Accuracy factor. 
 Bf Bias factor. 
 R2adj 
Adjusted correlation coefficient of multiplied determination between 
observed and predicted values. 
 r2 Linear correlation coefficient. 
 CI Confidence intervals. 
 
 
Standards for testing the antioxidant capacity: 
 
 
 BHA Butyl-hydroxyanisole. 
 ETX Ethoxyquin. 
 BHT Butyl-hydroxytoluene. 
 TOC α-tocopherol. 
 PG Propyl 3,4,5-trihydroxybenzoate. 
 AA Ascorbic acid. 
 TBHQ Tert-Butylhydroquinone. 
 TRO Trolox. 
 Mn+2 Manganese (II). 
 BSA Bovine serum albumin (66.5 kDa). 
 
 
Standards for testing the anti and pro-oxidant capacity: 
 
 
 Hb Hemoglobin. 
 Fe2+ Iron (II). 
 Fe3+ Iron (III). 
 Cu2+ Cooper (II). 
 Mg2 Magnesium (II). 
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 Cd2+ Cadmium (II). 
 Ni2+ Nickel (II). 
 Zn2+ Zinc (II). 
 Sr2+ Strontium (II). 
 AAPH 2,2'-Azobis(2-amidinopropane) dihydrochloride (R-N=N-R). 
 AMVN 2,2'-azobis-2,4-dimthylvaleronitrile. 
 
 
Coffee extracts for testing the antioxidant capacity: 
 
 
 C1 Coffea arabica from Australia. 
 C2 Coffea arabica from Nicaragua. 
 C3 Coffea canephora robusta from Cameroon. 
 C4 Coffea arabica from Guatemala. 
 C5 Coffea canephora robusta from Vietnam. 
 
 
Tea extracts for testing the antioxidant capacity: 
 
 
 A Camellia sinensis Green tea (China Sencha). 
 B Camellia sinensis Blue tea (China Oolong Natural). 
 C Camellia sinensis White tea (Silver Needles). 
 D Camellia sinensis Black tea (Darjeeling Margaret’s Hopè). 
 E Camellia sinensis Red tea (Natural red tea). 
 
 
Basic analytical methods to the extracted residues: 
 
 
 TS Total sugars. 
 RS Reducing sugars. 
 SS Suspended solids. 
 TP Total phenolic. 
 TF Total flavonoid. 
 
 
Typical antioxidant assays: 
 
 
 HAT Hydrogen Atoms Transfer. 
 SET Single Electron Transfer. 
 βCA β-carotene bleaching assay. 
 CBA Crocin bleaching assay. 
 CCB Carotene Combined Bleaching. 
 ORAC Oxygen Radical Absorbance Capacity. 
 TRAP Total Radical-Trapping Antioxidant Parameter. 
 OxHLIA Oxidative Hemolysis Inhibition Assay. 
 ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid. 
 DPPH 2,2-diphenyl-1-picrylhydrazyl. 
 FCR Folin–Ciocalteu reagent. 
 FRAP Ferric ion Reducing Antioxidant Power. 
 CUPRAC Modified Cupric Reducing Antioxidant Capacity. 






 PBS Phosphate-Buffered Saline. 
 nm The molar extinction coefficient at a particular wavelength in nm. 
 L Lipophilic. 







Specific acronyms and abbreviations in the result sections 
 
 
In part 1 of results section V-A 
 
 
 Q Quantification criterion. 
 I Percentage of oxidation inhibition (Q1). 
 AAC Antioxidant activity coefficient (Q2). 
 AACm Antioxidant activity coefficient modified (Q3). 
 RD Relative rate of degradation (Q4). 
 ROR Ratio of oxidation rates (Q5). 
 M  Any given sample. 
 M1 Sample of 8 nM of TOC. 
 M2 Sample of 1007.5 μM of Zn+2. 
 M3 Sample of 80 μM of PG. 
 M4 Sample of 200 μM of Mn+2. 
 M5 Sample of 20 μM of BHT. 
 M6 Sample of 4 nM of ETX. 
 IC50 Dose at which the oxidation inhibition by an antioxidant reaches the 50%. 
 
 




Power (Eq. [7]) function to describe the kinetic effect of A agent: 
 
 
 K Asymptote (R units). 
 τ Substrate half-life at R50% (t units). 
 b Shape parameter (dimensionless). 
 a Shape parameter (t-1 units). 
 
 
Logistic (Eq. [12]) function to describe the kinetic effect of A agent: 
 
 
 K Asymptote (R units). 
 R0 Intercept. 
 µmax Specific maximum velocity (t
-1 units). 
 vm Maximum rate value or rate at the inflection point (R/t
 units). 
 λ Time (t units) at which the minimum R is achieved. 
 
 




 K Asymptote (R units). 
 τ Substrate half-life at R50% (t units). 
 α Sigmoid shape parameter (dimensionless). 
 v Rate at the half-life value (compute in Eq. [24]) 
 
vm Maximum rate value or rate at the inflection point which coincides with v 
(R/t units) if the function is symmetrical (compute in Eq. [25]). 
 tK Time (t
 units) at which the maximum R is achieved (compute in Eq. [26]). 
  Time (t units) at which the minimum R is achieved (compute in Eq. [27]). 
 
 





 θ Any parameter of the Eq. [24] (θ=K, τ, α). 
 θ0 
Such as K0, 0 and α0 represent the parameter value when the concentration 
any OM is null.  
 Hθ Hyperbolic relation function for each parameter of Eq. [24] (θ=K, τ, α). 
 mθ Numerator parameter of the hyperbolic relation of Eq. [24] (θ=K, τ, α). 
 nθ Denominator parameter of the hyperbolic relation of Eq. [24] (θ=K, τ, α). 
 
 
Nonlinear characterization by the parameter behavior of  describing the oxidation process 





A Antioxidant mode which can be subdivided in there different categories (A1, 
A2 and A3) depending in their mode of variation of H. 
 
P Pro-oxidant mode which can be subdivided in there different categories (P1, 
P2 and P3) depending in their mode of variation of H. 
 N Null mode. 
 
A1 and P1 A constant slope variation of H which would suggest that when a radical 
encounters an OM molecule, their interaction produces a powerful OM, or 
that the OM interacts synergistically with one or more components of the 
reaction.  
 
A2 and P2 A decreasing slope variation of H which would suggest: 1) specific and 
significant differences in the interactions of the radicals with the oxidizable 
substrate and with OM; 2) antagonistic interactions between OM and one or 
more components of the reaction. Independently of which case is true, the 
result is that OM shows a pronounced maximum capability to counteract the 
radicals at the initial state of the reaction. 
 
A3 and P3 An increasing slope variation of H which would suggest that the OM 








Non-kinetic approaches of the CBA: 
 
 
 A1 The accepted mechanistic procedure to quantify the CBA responses. 
 
A2 A common method based on the inhibition of oxidation as a percentage or 
relative antioxidant activity. 
 
A, B, C, D Illustrative set of simulated cases using Eq. [34] to prove the kinetic 
dependence of the responses. 
 
 
Arrhenius equation (Eq. [39]): 
 
 
 T Temperature in Kelvin degrees (K). 
 k Rate constant chemical reaction. 
 B Frequency of collisions among reacting molecules 
 Ea Activation energy (kJ/µM). 
 
Rg Constant of gases (kJ.µM/K). We have denoted the constant of gases R with 
a g subscript for avoiding homonymy with response. 
 
 
pH-time dependent model (Eq. [41])  
 
 
 v The rate at the minimum pH. 













A1-A8 Reference ID for the collect cases of antioxidant effectors to be analyzed for 
the OxHLIA reaction. 
 








e Effector modifying the erythrocyte survival profile. Could be an antioxidant, 
pH, temperature and other variety of agents.  
 l1 The slope (t/e units). 
 l2 The intercept (t units). 
 
 
Hyperbolic (H) effector perturbation Eq. [43]: 
 
 
 h1 The asymptotic value of the hyperbolic relation (parameter modified units). 
 h2 (1/e units). 
 
 
Sigmoidal (S) effector perturbation Eq. [44]: 
 
 
 s1 The asymptotic value (parameter modified units) of the non-linear relation. 
 s2 The IC50 value (e units). 
 s3 A shape parameter related to the maximum slope of the response. 
 
 
Bell (B) effector perturbation Eq. [45]: 
 
 
 b1 The maximum value (parameter modified units). 
 b2 A value related to the distance between the tails of the function. 
 b3 A value related to the asymmetry of the bell profile. 
 b4 The effector value at which b1 takes place. 
 
 







 Apo B-100 Apolipoprotein B-100. 
 LDL Low density lipoprotein. 
 PUFAs Polyunsaturated fatty acids. 
 LH Lipid unit. 
 LOO Peroxyl radicals. 
 LOOH Hydroperoxides. 
 LO Alkoxy radicals. 
 DP Decomposition products 
   
 
 





C1-C6 Reference ID for the collect cases of antioxidant effectors to be analyzed for 
the OxHLIA reaction. 
 C7-C8 Reference ID for the collect cases of pro-oxidant effectors to be analyzed for 
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the OxHLIA reaction. 
 
 
Univariate and bivariate relation to describe the full aspect of LDL oxidation expreseded in 
Eq. [48], [49] and [50]: 
 
 
 0 and α0 Parametric control values. 
 1 and 2 Half-lives of the successive substrates. 
 α1 and α2 Slopes of the succesive substrates. 
 1 and 2 Constants or products of 0. 
 K Bivariate relation which is K=HK×K 
  Bivariate relation which is =H×0 
 
 




Traditional standardization of the area under the curve (Eq. [51] and Eq. [52]): 
 
 
 AUC Area under the curve. 
 i Number of data measured along time. 
 Ri Responses along time series. 
 Δt The time interval of each measurement. 
 AUCOM Area under the curve of OM. 
 AUC Area under the curve. 
 AUCC Area under the curve of C. 
 RAU Relative area units. 
 
 
Standardization of the AUC responses (Eq. [53] and Eq. [54]): 
 
 
 S Substrate (µM). 
 S0 Initial substrate (100 µM for the CA and 1 µM for βCA). 
 P  Substrate protected (µM). 
 AOCC Area over the curve of the control. 
 
 
Kinetic model for the standardized dose AUC responses (Eq. [55] and [56]): 
 
 
 Pm Maximum P  (µM). 
 vτ Averaged rate parameter (µM P /µM or µg M). 
 n Percentage value of P  (0-100%). 
 vn Rate parameter at n percentage value of R (µM P /µM or µg M). 
 α Sigmoid shape parameter (identical meaning of α in Eq. [22]). 
 
 
Kinetic model for the pro-oxidant capacity of AAPH with T. Eq. [39] and [57]: 
 
 
 k Rate constant chemical reaction. 
 Ea Activation energy (kJ/µM). 
 Rg Constant of gases (kJ.µM/K). 
 
 




  Asymptote or maximum P  (µM of Cr protected). 
 Pm  P 50% (pH units) 
 Pmc  Sigmoid shape parameter (identical meaning of α in Eq. [22]). 













 K Asymptote (R units). 
 m Substrate half-life at R50% (dose
 units). 
 a Sigmoid shape parameter (dimensionless). 
 
 
Perturbations of the response to a single effector (Eq. [89]). 
 
 
 θ Any parameter of the Eq. [76] (θ=K, m, a). 
 πθ Hyperbolic relation function for each parameter of Eq. [76] (θ=K, m, a). 
 mθ Numerator parameter of the hyperbolic relation of Eq. [76] (θ=K, m, a). 
 nθ Denominator parameter of the hyperbolic relation of Eq. [76] (θ=K, m, a). 
 
 
Single numerical value that summarizes the nature and the intensity of the synergistic or 
antagonistic interactions (Eq. [100]): 
 
 
 RUV Percentage relative unit of volume. 
 SVNI Volume of the surface produced by the null interaction. 
 SVI Volume of the surface with interactions. 
 
Ai and Aj Dpendent variables that represent the n and m concentration of both 
antioxidants. 
 hi and hj Te concentration interval sets. 
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